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Abstract 
Coal fines are generated during both the dewatering and Coal Seam Gas (CSG) 
production stages. This is due to the interaction between the fluid flow and the coal solids 
affixed to coal cleat surfaces. The generated coal fines may plug gas flow paths and cause 
the reduction of coal permeability. They may also deposit at the bottom of a well and bury 
the downhole pumps. Despite the detrimental effects of coal fines behaviours, limited 
research has been conducted into the generation and migration of coal fines for different 
flow regimes, not to mention the permeability variations corresponding to the coal fines 
behaviours.  
In this work, both numerical and experiment investigations are conducted to obtain 
fundamental understandings of coal fines generation and migration in coal seams, and the 
related permeability changes. A mathematical model is also developed to predict the 
permeability alteration by coal fines erosion and deposition for bore-scale simulations. 
The simulation results quantify the coal fines generation under both single-phase and two-
phase flows. Key parameters that affects coal fines generation are identified. It is noted 
that exposed microstructures, cleat elbow regions and micro-fracture tips are more likely to 
generate coal fines. Furthermore, more coal fines are generated in two-phase flow 
compared to single-phase flow. Based on the dimensional analysis, two dimensionless 
numbers, namely Capillary number (Ca) and Euler number (Eu) are introduced to define 
the coal fines generation process. A new criterion that could be used to evaluate coal fines 
generation is established. 
Measurements of coal fines production and its impact on the permeability of two coals 
from the Bowen Basin, Australia, are performed at different flow conditions (i.e. single-
phase water or gas, two-phase water and gas) and pressure conditions. The sizes of coal 
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fines collected from each coal sample range from 1 μm to 14 μm. For both coal samples, 
during the first 50 hours, the permeability decreases from 0.005 mD and 0.048 mD to 
0.0019 mD and 0.0072 mD (i.e. 60.9% and 85%), respectively, followed by gradual decline 
but with fluctuations. This phenomenon is attributed to the counteraction between 
formation damage (cleats plugging and coal fines settlement) and breakthrough of coal 
fines from the samples (widened cleats). It is found that coal fines volumetric production is 
proportional to the third power of flow velocity once the flow paths for coal fines are 
established. The critical flow velocities of coal fines production for both samples are also 
obtained. For hydrophobic coal, water-drive-gas two-phase flow introduces abrupt 
permeability loss due to coal fines generation and migration. Furthermore, pauses (well 
shut-in) in the experiments cause slight permeability drops. A comparison between the two 
samples indicates that narrower and less connected cleating system results in more 
frequent coal fines generation and migration, resulting in significant permeability 
fluctuations with general decreasing trend. Tortuosity of the cleats can enhance the 
deterioration in permeability by coal fines behaviours. 
The establishment of the mathematical model successfully describes the permeability 
changes due to coal fines erosion and deposition in coal cleats. The model was 
implemented in a bore-scale simulation, and the coal permeability decreases dramatically 
despite the erosion of coal fines, which is in a comparable level with the experimental 
results. The evolution of coal fines concentration in coal seams was also evaluated and 
discussed in detail. Sensitivity study on the coal permeability variation due to coal fines 
generation and migration was conducted, and it was found that the coal fines deposition 
rate coefficient has the most significant effect on permeability. 
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This study, considering the Geomechanical, Geohydraulic and Geological (3G) aspects, 
delivers fundamental understandings of coal fines generation and migration during the 
CSG production processes, and useful guidelines are suggested to be implemented in the 
field to minimize production loss induced by coal fines behaviours. 
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Chapter 1 Introduction 
1.1 Coal fines issues in Coal Seam Gas (CSG) production 
Coal Seam Gas (CSG) is a type of unconventional resource. It is found in coal seams at depths of 
300 m-1000 m underground (Australia Pacific LNG, 2014). Coal seams are generally saturated with 
water under high pressure conditions (also known as formation water). The high reservoir pressure 
makes CSG adsorbed to the surface of coal cleats and pores due to the strong affinity of methane to 
coal. In order to extract CSG, production wells are drilled through different geographic layers into 
coal seams. Such wells enable the formation water to be pumped out to the surface. As coal seams 
are progressively dewatered, the reservoir pressure in coal seams is released gradually from wells, 
and CSG desorbs from coal matrix surface, then moves to production wells via connected fracture 
networks in the seam. 
One of the most important operational difficulties for CSG wells relates to the production of coal 
fines, which presents a substantial maintenance burden and reduces gas productivity. Generally, 
coal fines are originated from coal cleats (Marcinew and Hinkel, 1990). Some of the created coal 
fines can be migrated towards the well by fluid flow, and finally be pumped to the surface (Figure 
1-1 (a)). Some deposit at the bottom of the well, burying in-seam pumps (Figure 1-1(b)). In this 
case, frequent workovers are required to clean out the fines to ensure gas can be produced properly 
(Marcinew and Hinkel, 1990; Nimerick et al., 1990; Okotie and Moore, 2010). Other coal fines may 
deposit inside coal cleats during the migration process, narrowing or even totally plugging these 
natural fractures. This gives rise to significant reduction in permeability (Figure 1-1(c)) (Harpalani 
and Schraufnagel, 1990; Magill et al., 2010; Moore, 2012; Palmer et al., 2005). Both phenomena 
detrimentally affect CSG production efficiency (Black, 2011). 
 
Figure 1-1. Coal fines induced phenomena: (a) black effluent from coal seams (Okotie and Moore, 
2010); (b) stuck standing valve ball from an in-seam pump (Okotie and Moore, 2010); and (c) 
unexpected gas production drops (Moore, 2012). 
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Understanding the mechanism of coal fines generation and migration is essential for the 
development of mathematical models to gain insights into this complex phenomenon, and the 
design of proper treatment to manage the coal fines issues. The findings from this study will deliver 
a comprehensive knowledge of coal fines generation and migration during the CSG production 
process, which provides useful guidelines as to how to implement effective mitigation strategies to 
minimize coal fines induced CSG productivity declines. 
1.2 Research objectives 
Significant CSG productivity declines have been encountered frequently due to coal fines 
associated issues. The primary aim of this project is to unlock the complexity of coal fines 
generation and migration during CSG production process, and their impact on permeability.  
To facilitate this aim, the following research objectives will be addressed: 
 To identify the features of coal fines in cleats using Scanning Electron Microscopy (SEM) 
technology at the micro-scale. The obtained images will be imported into numerical 
simulators to quantify coal fines generation with respect to different production controls; 
 To investigate coal permeability variations resulted by coal fines generation and migration 
through core flooding experiments at the lab-scale; 
 To determine critical factors that affect coal fines generation and migration via both 
numerical and experimental investigations. This will provide the implications for managing 
coal fines challenges in the field; and 
 To develop a mathematical model, which can describe the permeability changes induced by 
coal fines behaviours, incorporating the erosion and deposition processes. This model can be 
implemented in bore-scale simulations. 
1.3 Structure of the thesis 
This thesis has seven chapter, including this introductory chapter. Chapter 2 presents a general 
literature review of coal fines generation and migration in coal seams, involving mathematical 
models, numerical simulation, experimental investigations and field observations. Chapter 3 
demonstrates a fluid-solid fully coupled numerical model, which emphasises on coal fines creation 
during the dewatering stage (single-phase water flow). Chapter 4 delivers a fully coupled numerical 
model, addressing coal fines generation during other stages of the CSG production process (two-
phase flow). Dimensional analysis is also conducted based on the simulation results to derive the 
key factors affecting coal fines generation. Chapter 5, on the other hand, experimentally examines 
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the impact of coal fines generation and migration on coal permeability. Chapter 6 formulates a 
mathematical model that integrates coal fines erosion and deposition, and permeability variations. 
Finally, Chapter 7 summarises the general conclusions and the recommendations for future research. 
1.4 Significance of the project 
The importance of CSG as a new energy resource is commonly acknowledged, and the exploration 
techniques, while still under refinement, are already in widespread commercial applications. 
However, coal fines issues are causing increasing challenges to the CSG industry due to their 
detrimental effects on pumping systems and CSG productivity. 
This project is directly targeting these issues facing the CSG industry all around the world. The 
accomplishment of this project will develop a general mathematical model, which does not exist 
currently and can immediately assist the CSG industry in evaluating the effect of coal fines issues 
on coal permeability. Therefore, it can enable timely coal fines management in the field. 
This project presents a comprehensive numerical model that integrates Geomechanical, 
Geohydraulic and Geological (3G) study of coal fines generation and migration in fluid flow. In the 
model, fluid mechanics, solid mechanics, Darcy’s Law and solution transportation are fully coupled. 
The established framework can not only provide insights into coal fines behaviours and the 
corresponding permeability changes, but also can be easily implemented to simulate other 
particulate processes (e.g. formation fines transport in porous media). In addition, a self-designed 
core flooding experimental rig is an innovation, which can provide guidelines for future scientific 
experimental design. 
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Chapter 2 Literature Review 
2.1 Introduction 
The water and CSG production curve of a typical well is shown in Figure 2-1. However, coal fines 
are generated during both dewatering and CSG production stages. This is mainly due to the 
interaction between the fluid flow and the coal solids affixed to coal cleat surfaces. The generated 
coal fines may plug fluid flow paths and reduce coal permeability, resulting in dramatic CSG 
productivity declines (Figure 1-1(c)). Coal fines may also accumulate at the bottom of a well, 
burying downhole pumps (Figure 1-1(b)), which require regular workover (Okotie and Moore, 2010; 
Palmer et al., 2005). 
 
Figure 2-1. CSG production stages and the corresponding flow regimes in coal seams. Adapted 
from Moore (2012). 
 
In this chapter, the concepts and models developed on formation fines damage in porous media are 
reviewed, and will be borrowed to establish the model framework on coal fines damage to the CSG 
reservoirs. Moreover, the features of coal fines, and the characterisation of coal fines generation and 
migration is summarised. 
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2.2 Reservoir formation fines 
Research on reservoir formation fines generation and migration has been conducted in the oil 
reservoirs and conventional porous media. Due to the similarity in terms of particulate processes in 
different reservoirs, some of the theories employed in the oil fields and conventional porous media 
can be taken as references to analyse coal fines behaviours in the CSG reservoirs. 
The migration of fine particles refers to the entire procedure of release or detachment of fines, their 
mobilization with fluid flows, and their deposition at some pore sites or their expulsion from porous 
media (Khilar and Fogler, 1998b). 
2.2.1 Formation fines detachment 
The forces acted on a single fine particle have been categorised into hydrodynamic force and 
colloidal force. The particle will detach from the pore surface if the hydrodynamic force overcomes 
the colloidal force (Kim and Zydney, 2004; Sharma et al., 1992). 
Bedrikovetsky et al. (2011a) introduced a model to describe the detachment of a spherical fine 
particle, as illustrated in Figure 2-2. In Hele-Shaw flows (i.e. Stokes flows between two parallel flat 
plates separated by an extraordinarily small gap), a particle experiences drag force (Fd) and lift 
force (Fl) as the hydrodynamic force group, and electrostatic force (Fe) and gravity (Fg) as the 
colloidal force group. Bedrikovetsky et al. (2011b) also proposed a failure mechanism regarding the 
breach of torque balance, and the arms of forces (ln and ld) were taken into account. This model was 
employed by Zeinijahromi et al. (2011b) and Nguyen et al. (2013) to evaluate fines migration in the 
oil fields. However, the sizes of coal fines are small (< 100 μm), the rotation effect can be neglected 
when evaluating coal fines generation in coal seams. 
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Figure 2-2. Forces and torque balance on a spherical particle in fluid flow (Bedrikovetsky et al., 
2011a). 
With the understanding of the mechanisms of fines detachment, for the sake of simplicity, a 
detachment rate was introduced (Gruesbeck and Collins, 1982a; Zeinijahromi et al., 2012). The 
detachment rate is proportional to the fines concentration in the fluid, and to the flow velocity, 
which provides the hydrodynamic force. Sbai and Azaroual (2011) suggested interfacial force exists 
when two phases present. Interfacial force holds the surface of a particular phase, and it can 
mobilise formation fines more easily compared with single-phase flow. 
Ives (1985) depicted the forces exerted on a single particle in fluids using dimensionless 
expressions. This method identified the key parameters that affected fines movement. Based on his 
model, Khilar and Fogler (1998b) extended the application to porous media. Diffusion force was 
included in their model to evaluate the Brownian motion. However, comparing with the magnitude 
of the hydrodynamic forces, the diffusion force can be neglected when evaluating the coal fines 
behaviours. 
2.2.2 Formation fines mobilization 
Once formation fines detach from source reservoir matrices, they become free fines in the flowing 
conduits, and mobilize with fluid flows. Free fines are more easily to be mobilized compared with 
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deposited fines, which require greater force to overcome the static inertial force (Khilar and Fogler, 
1998b; Zou et al., 2014). 
Formation fines mobilization is largely governed by fluid pH and dynamic viscosity, fines 
wettability, flow velocity (pressure drawdown) and flow pattern (Hibbeler et al., 2003; Miranda and 
Underdown, 1993). pH increases when salinity decreases because of ion exchange, and a higher pH 
promotes the dispersion of fines, making it easier for the fines to mobilize (Hussain et al., 2013; 
Sharma et al., 1992). In a single-phase flow, there exists a critical velocity keeping the fine particles 
suspended to move through pores with fluid flow (Selby and Ali, 1988). In a multi-phase flow, fines 
only move when the phase that wets them moves, and the corresponding critical velocity is reduced 
(Dabirian et al., 2016). This is attributed to the localised pressure turbulences caused in multi-phase 
flow (Muecke, 1979; Zeinijahromi et al., 2016). The critical velocity (or pressure drawdown) varies 
from reservoir to reservoir, and the impact of flow velocity on fines mobilization has been 
investigated by different researchers (Dabirian et al., 2016; Gruesbeck and Collins, 1982a; Oliveira 
et al., 2014; Papamichos and Malmanger, 1999; Qiu et al., 2008; Ranjith et al., 2013; Selby and Ali, 
1988; Sharma et al., 1992). The common finding is fines mobilization is facilitated by higher flow 
velocity, and fines tend to flow in the fluid that has a greater viscosity (Qiu et al., 2008). 
Apart from the aforementioned factors, Zeinijahromi et al. (2011a) indicated that higher 
temperature also facilitated the mobilization of fines, which was confirmed by Lagasca and 
Kovscek (2014) using time-lapse CT scanning technique. In addition, Civan (2007a) suggested that 
the mobility of fines were enhanced by long tortuous flow paths. 
2.2.3 Formation fines retention 
Civan (2007a) summarised four mechanisms of fine particles entrapment in porous media, namely 
surface deposition; pore throat blocking or bridging; formation of internal filter cakes and pore 
fillings; and formation of external filter cakes and screening (Figure 2-3). Fines surface deposition 
happens mainly due to the difference between the gravity and buoyancy (Biggs et al., 2003; Khilar 
and Fogler, 1998b). Pore size constraints and particle sizes have close relationship with pore throat 
plugging (Mojarad and Settari, 2007; Muecke, 1979; Zeinijahromi et al., 2011a; Zeinijahromi et al., 
2012). Abrams’ Rule (Abrams, 1977) narrated that fines with a diameter between 1/7 and 1/3 of the 
size of pore contraction would result in pore throat clogging; while those with a diameter larger than 
half of pore constraint might give rise to external filter cakes. Abrams’ Rule was verified by van 
Oort et al. (1993) in the oil fields, which also indicated that the particles invasion was a function of 
velocity; and Hibbeler et al. (2003) in sandstone reservoirs. The development of internal filter cake 
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and pore fillings are caused by aggregation of small particles and subsequent accumulation of fines 
(Civan, 2007b; Gruesbeck and Collins, 1982a; Ryan and Elimelech, 1996; Zou et al., 2014). It is 
known that retention of fines causes permeability reduction; nevertheless, the quantitative 
evaluation of permeability damage is yet complete. 
 
Figure 2-3. Different fines retention mechanisms. Adapted from Civan (2007a). 
Gruesbeck and Collins (1982a, b) found that the rates of fines deposition and plugging were linearly 
related to flow velocity and fines concentration in the fluid flows. This finding attracted well 
recognition from other researchers (Civan, 2010; Guo et al., 2016; McDowell-Boyer et al., 1986; 
Ryan and Elimelech, 1996; Zeinijahromi et al., 2012). A pore filling term was added to such 
relationship after pore plugging occurrence (Civan, 2016). The pore filling rate not only linearly 
corresponds to flow velocity and fines concentration, but also resonates with the reservoir porosity. 
2.2.4 Formation fines production 
Fines production should be distinguished from fines generation. Some of the generated formation 
fines are retained in the reservoirs, and the rest become fines production caught downhole or 
collected from the surface. However, fines production is positively related to fines generation 
(Lagasca and Kovscek, 2014; Zhang et al., 2011). Therefore, fines production is also majorly 
controlled by the aforementioned production parameters. 
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The theory of sediment transport indicates that fines production is proportional to the third power of 
flow velocity (Bagnold, 1936). Whether this theory is applicable to coal fines production is yet to be 
verified. 
2.3 Permeability variations induced by formation fines 
Fluid flow in porous media is dominated by Darcy’s Law (Guillard and Duval, 2007; Whitaker, 
1986): 
 
k
q p

     (2-1)  
 q v   (2-2) 
where q is Darcy flux, k is permeability, μ is fluid dynamic viscosity,  p is pressure gradient, v is 
absolute flow velocity, and ϕ is porosity. Note that the fluid density is considered to be constant. 
It is believed that formation fines migration has detrimental effects on reservoir permeability 
(Bottero et al., 2010; Civan, 2007b; Gruesbeck and Collins, 1982a; Hibbeler et al., 2003; 
Zeinijahromi et al., 2011b). The formation damage due to fines migration was confirmed by the 
permeability recovery after reversing the direction of water flooding (Gash, 1991). 
Van Oort et al. (1993) made a comparison between the inlet and outlet velocities to derive the 
permeability reduction by solid fines invasion. They found that the permeability impairment rate 
was majorly related to the inflow velocities (velocity ranged from 0.96 to 16.3 cm/min in their 
experiments), and the greater the velocity, the higher the permeability damage rate. Sato et al. (2013) 
used Lattice Boltzmann Method (LBM) to numerically analyse the permeability reduction due to 
fine particles build-up in sediments. The evaluation at the micro-scale witnessed 60-90% absolute 
permeability drop by fines. They also indicated that the permeability damages were in a similar 
level, no matter the fines were randomly distributed or trapped at pore throats. Feng et al. (2015) ran 
a network simulation to investigate formation damage by fines behaviours. Size exclusion and 
deposition were considered as the capture mechanisms. It was concluded that the permeability 
impairment could be enhanced by larger formation fines, higher concentration, lower pressure 
gradient and lower fluid viscosity. However, in their research, no mathematical model was 
employed to describe the permeability alterations, and no general trend of permeability change was 
summarised. 
The bundle of capillary tubes model was developed to represent the structure of porous media, as 
shown in Figure 2-4. In the model, the cross sectional area is A, the length of the core is L, and the 
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length of tortuous path is Lh. The tubes have the same hydraulic diameter (Dh), and a tortuosity 
factor (τ) was introduced to describe the tortuous flow paths. 
 h
L
L
    (2-3) 
 
Figure 2-4. The bundle of capillary tubes model (Civan, 1994). 
The flow tubes were categorised into plugged tubes (Np) and non-plugged tubes (Nnp), and the total 
number of tubes (N) can be given by: 
 
p npN N N    (2-4) 
It is generally recognised that for the reservoir rocks with parallel fracture systems, permeability is 
closely related to porosity (Carman, 1937; Costa, 2006). The resultant permeability alteration can be 
then calculated using the cubic relationship between porosity and permeability, which is known as 
the Matchstick Model (Reiss, 1980): 
 
3
0 0
k
k


 
  
 
  (2-5) 
where k and k0 are instantaneous permeability and initial permeability, and ϕ and ϕ0 are 
instantaneous porosity and initial porosity, respectively. The permeability impairment was 
evaluated separately for the plugged (pore throat blocking and filter cakes formation) and non-
plugged (surface deposition) tubes, which corresponded to porosity reductions. The porosity is 
given by: 
 0 d      (2-6) 
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where ϕd is the porosity change induced by fines deposition behaviours. 
The porosity change can also be divided into plugging induced change (ϕp) and non-plugging 
induced change (ϕnp): 
 
d p np      (2-7) 
Fines plugging deposition leads to abrupt permeability drops (Hibbeler et al., 2003; Zeinijahromi et 
al., 2016; Zeinijahromi et al., 2011a). The plugging caused porosity decrease included both pore 
throat blocking and pore filling after blocking, and it was quantified by (Gruesbeck and Collins, 
1982a): 
  p p f vc
t

  

 

  (2-8) 
where λp is fines plugging rate coefficient, λf is pore filling rate coefficient, v is the flow velocity 
and c is the concentration of fines in the fluid. 
The non-plugging resulted porosity reduction considered surface deposition. Formation fines 
deposition and clayey fines swelling narrow down the aperture of a natural fracture, giving rise to 
porosity drop, which consequently reduces the permeability gradually (Civan and Knapp, 1987). It 
should be noted that fines mobilization was also taken into account, once the flow velocity reached 
a critical value. The non-plugging induced porosity change was calculated by (Gruesbeck and 
Collins, 1982a): 
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  (2-9) 
where λs is fines surface deposition rate coefficient, λm is fines mobilization rate coefficient, and vc 
is the critical velocity for fines mobilization. 
Since the fines surface deposition, plugging deposition and pore filling procedures separately 
affected the porosity of the porous medium, the porosity change can be combined into: 
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  (2-10) 
where λd is fines deposition rate coefficient: 
 d s p f         (2-11) 
This is the mathematical model developed by Gruesbeck and Collins (1982a), describing the 
permeability variations due to fines deposition, which has been widely applied in porous media. The 
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coefficients involved in the mathematical model were extracted from their experiments. This 
dynamic mathematical model is also capable of describing the permeability stabilisation when the 
system reaches equilibrium (Oliveira et al., 2014). 
However, in their model, the effect of fines detachment was not considered. Although there were 
arguments saying such permeability improvement could be neglected (Bedrikovetsky et al., 2011b; 
Zeinijahromi et al., 2011a). The detachment or release of formation fines indeed lead to dilation of 
flow paths, giving rise to an improved permeability (Candela et al., 2014). Such procedure was 
deemed as erosion of reservoir matrices, and the corresponding porosity increase was evaluated 
mathematically (Vardoulakis et al., 1996). The model was developed based on the mass balance of 
the fine particles and fluids, as well as the constitutive law for the erosion process and Darcy’s Law. 
Similar with Gruesbeck and Collins (1982a) model, the porosity evolution is proportional to fines 
concentration and flow rate. 
  1e e cQ
t

 



  (2-12) 
where ϕe is the porosity change by fines erosion, λe is fines erosion rate coefficient, and Q is volume 
discharge of solution. 
2.4 Coal fines characteristics 
Before introducing the theories of formation fines into CSG reservoirs, the characteristics of coal 
fines should be identified. Coal fines are small particles often ranging from tens of nanometres to 
hundreds of microns (Fan et al., 2015; Qiu et al., 2008; Wei et al., 2015; Zou et al., 2014). Wei et al. 
(2013) indicated that the sizes of coal fines decreased as the production proceeded, meanwhile, the 
amount of clayey materials increased. In our experiments specifically, the particle size distribution 
of the coal fines from Bowen Basin coal samples, Australia, is between 1 μm and 14 μm (Bai et al., 
2017b). The shapes of coal fines vary with different samples. SEM images reveal that coal fines are 
flaky, hairy and curly-shaped (Bai et al., 2010). With respect to the components of coal fines, 
Massarotto et al. (2013) employed comparative quantitative X-ray diffraction (CD-XRD) to 
elucidate that coal material was the major substance in coal fines, but with ~17% fraction of clay 
mineral contents. The clay mineral mainly included kaolinite and illite. Qiu et al. (2008) also found 
quartz in coal fines using XRD technique, and this was confirmed by the author (Bai et al., 2017b). 
Some other minerals, involving pyrite and calcite were also found in coal fines (Chen et al., 2009; 
Turner et al., 2013), and the mineral contents may vary with different coal fines samples (Marcinew 
and Hinkel, 1990). 
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Coal fines volumetric concentration comes in different values for different coal seams, depending 
on the reservoir properties. However, it usually ranges from less than 1% to 3% (Han et al., 2016), 
and the higher the coal fines concentration, the more viscous the fluid is (Narah, 2007). Due to the 
high hydrophobicity of coal fines, they are prone to congregate in water, rather than staying in the 
dispersed status. Once they are retained in coal cleats, it is difficult to remobilise them (Zou et al., 
2014). 
2.5 Coal fines generation and migration 
2.5.1 Sources of coal fines 
Although Massarotto et al. (2013) proposed that a portion of coal fines were suspected to be from 
overburden and interburden, it is believed that these coal fines give rise to pump failures. On the 
other hand, formation damage (i.e. permeability deterioration) is resulted by the coal fines generated 
in coal seams (Black, 2011; Hou et al., 2014; Marcinew and Hinkel, 1990). It is suggested that coal 
fines are originated from coal cleat surfaces, especially from those in the near well regions, where 
the pressure drawdown is more significant (Huang et al., 2012; Huang et al., 2008; Wang and Lan, 
2012; Wei et al., 2015). More specifically, coal fines are mainly created from exposed micro-
structures, cleat elbows, micro-fracture tips (Bai et al., 2015), and tortuous fluid paths (Narah, 2007). 
These coal fines either deposit or plug coal cleats, or migrate towards the well, burying downhole 
pumps. 
2.5.2 Mechanisms of coal fines generation 
The common finding is that the birth of coal fines is partially due to the existence of inherent fine 
coal particles, which are free in flow conduits (Liu et al., 2012; Magill et al., 2010). This kind of 
coal fines is formed by tectonic deformation, and only takes a small portion of the total fines (Yao 
et al., 2016; Yao et al., 2015). Some coal fines are from coal failures caused by drilling and 
hydraulic fracturing activities (Cao et al., 2012a; Marcinew and Hinkel, 1990; Palmer et al., 2005). 
The majority of coal fines are originated because of mechanical interaction between coal and fluid 
flows (Marcinew and Hinkel, 1990; Okotie and Moore, 2010; Palmer et al., 2005). Some 
researchers add that coal fines can also be created because of elastic self-regulating effect imposed 
by external pressure fluctuations (Bai et al., 2011; Cao et al., 2012a). 
Regarding the coal fines generation by the mechanical interaction between coal cleat surfaces and 
fluid flows, both shear failure (Palmer et al., 2005; Turner et al., 2013) and tensile failure (Moore et 
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al., 2011) are suggested as probable reasons. For the coal fines loosely attached to cleat surfaces, 
two major force categories are considered responsible: hydrodynamic force and colloidal force. The 
release of coal fines occurs when the hydrodynamic force overwhelms the colloidal force 
(Bedrikovetsky et al., 2011a; Khilar and Fogler, 1998b).  
Coal fines are generated throughout the CSG production process. The life of a CSG well typically 
consists of three stages: (1) dewatering; (2) stable production; and (3) decline (Moore, 2012). The 
flow regime inside coal seams varies at different stages. Coal seams are initially saturated with 
water under high pore pressure. The high water pressure locks CSG in coal matrices in the 
adsorption state (Gilman and Beckie, 2000). Therefore, little gas is produced during the early 
dewatering stage, and the flow inside coal seams is regarded as single-phase water flow. As coal 
seams are progressively dewatered, at the late stage of the dewatering process, CSG production 
begins to accelerate; while water production starts to decline. Thereby, the flow is referred as being 
gas-drive-water two-phase flow till the early stable production stage (Saghafi et al., 2014b). When 
CSG production reaches the late production stage, single-phase gas flow occurs in coal seams. This 
is also the case during the decline stage of CSG production (Moore, 2012). Additionally, in the 
dewatering and the stable production phases, pressure transient tests may be conducted in place to 
obtain dynamic reservoir data, which is frequently associated with well shut-ins (Chen et al., 2015b). 
During well shut-in, the build-up of water level and pressure may cease the desorption process, 
forming the water-drive-gas flow pattern in coal seams. Based on these statements, the flow regimes 
throughout the CSG production process can be summarised in Figure 2-1. 
The effect of tectonic deformation type on coal fines generation was investigated using artificial 
coal samples (Yao et al., 2016). They found that flow velocity and effective stress had a more 
significant impact on granulated coals over undeformed coals. 
2.5.3 Coal fines production 
Coal fines production can be controlled by altering some key aspects, like bottom-hole pressure 
(BHP), coal wettability, and well shut-in strategies. 
Flow velocity, which is related to BHP control, has a significant effect on coal fines production. It is 
a general finding that a higher flow velocity produces more coal fines. Although researchers argue 
that more coal fines production creates clearer flow paths for gas (Zhang et al., 2013), it is more 
commonly deemed that more coal fines production gives rise to more severe permeability 
impairment (Bai et al., 2017b; Bing et al., 2015; Narah, 2007; Tao et al., 2017a; Tao et al., 2017b). 
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Critical flow velocities were evaluated for different CSG wells, and the maximum water production 
rates were proposed correspondingly to avoid significant coal fines production (Wei et al., 2015). 
Wei et al. (2013) found that the well completion techniques and coal tectonic structures would 
affect coal fines production. More coal fines were produced from horizontal wells compared with 
vertical wells, because the contacted area between the well and the coal seams is greater for a 
horizontal well. Well shut-ins also suddenly increased coal fines production (Cao et al., 2013). 
The early dewatering stage witnesses the most permeability reduction, because water has a greater 
carrying ability of coal fines compared with gas, and the dynamic fluid level drops quickly during 
the early dewatering phase (Li et al., 2010; Zhang et al., 2011). Chen et al. (2009) and Bai et al. 
(2011) observed that there was a boost in coal fines production when the dynamic fluid level went 
down to the coal seam level. 
2.6 Coal fines induced permeability damage 
Experiments have been conducted to quantify the permeability alterations resulted by coal fines. A 
series of water flooding tests were conducted by Guo et al. (2015a, b, 2016), with permeability 
damages up to 70%, and the variations of permeability generally responded to coal fines production. 
That is to say, more severe permeability reduction was observed with more coal fines production, 
and the permeability decreased continuously before reaching equilibrium. Tao et al. (2017a) found 
that with increasing flow velocity and injection volume, the permeability reduction was amplified, 
with an approximate value of 40% based on their experiments. 
Field observations were reported by researchers. During the dewatering stage, the CSG production 
experienced more severe declines when the water flow rate was higher. This was concluded from 
the datum of 12 CSG wells by Zhao et al. (2016). Wei et al. (2013) found that both dewatering and 
initial production (two-phase flow in coal seams) stages witnessed more frequent production 
reductions. The production declines are resulted by permeability reductions. However, the CSG 
reservoir damages were qualified by production declines in the field observations, not quantified by 
the permeability alterations induced by coal fines. 
2.7 Summary 
Based on the literature review, a fundamental understanding of coal fines generation and migration 
in coal seams, and the permeability variations induced by coal fines generation and migration is still 
lacking. In this study, this study endeavours to overcome the shortcomings detailed below. 
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The mechanisms of coal fines generation were identified as shear failure and tensile failure, but the 
visualisation of coal fines generation induced by fluid flows has not been realised, which can assist 
in better understanding of how and where coal fines are generated. Apart from coal fines generation 
in single-phase water flow, due to the higher pressure to initiate the fluid mobilization, coal fines 
generation in water-gas two-phase flow is expected to be very different. Numerical simulations can 
address these challenges using the real cleat geometries at the micro-scale, be it single-phase flow 
or two-phase flow. 
Moreover, there does not appear to be any research addressing the connection between the micro-
scale and the bore-scale in terms of coal fines behaviour. An upscaling method is required to bring 
the findings from the micro-scale to bore-scale or field-scale for real world applications.  
Experimental investigations into coal fines associated permeability changes have been limited to 
single-phase water flow. The effect of gas phase does not seem to be considered, neither the CSG 
production process has been mimicked. However, water-gas two-phase flow and well shut-in can 
exert great impact on coal fines behaviours. 
Furthermore, current permeability model either only considers fines erosion, or deposition (include 
plugging); a comprehensive model that couples the permeability changes caused by fines erosion, 
deposition, plugging and infilling has yet to be found in the literature. This results in inaccurate 
estimation of permeability variations, and consequently undermines the accurate prediction of CSG 
production. 
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Chapter 3 Single-phase flow simulation of coal fines generation 
3.1 Introduction 
Coal fines are small particles frequently found in coal seams (Magill et al., 2010; Marcinew and 
Hinkel, 1990), and their sizes are usually between tens of nanometres and tens of microns (Fan et al., 
2015; Wei et al., 2015; Zou et al., 2014). With respect to the components of coal fines, Massarotto 
et al. (2013) employed comparative quantitative X-ray diffraction (CQ-XRD) to elucidate that coal 
material is still the major substance, but with higher fraction of clay minerals than coal seams. The 
clay minerals mainly include kaolinite and illite. Some other minerals involving pyrite and calcite 
were also found in coal fines (Chen et al., 2009; Turner et al., 2013), and the mineral contents vary 
with different coal fines samples (Marcinew and Hinkel, 1990).  
Due to the presence of coal fines, although some of them are carried out by water or gas flow, some 
settle and plug the natural cleats, hydraulic fractures and even pumps because of the gravity and 
constraints of pore size or coal microstructures (Huang et al., 2012; Wang and Lan, 2012). This may 
result in a remarkable reduction of coal reservoir permeability, and even blockage in coalbed 
methane wells or gas drainage boreholes. This can be considered as one of the reasons for 
significant reduction of coalbed methane production or gas drainage efficiency that in turn causes 
delays in the subsequent mining operations (Black, 2011; Li et al., 2010; Magill et al., 2010; Narah, 
2007; Okotie and Moore, 2010; Palmer et al., 2005; Zhang et al., 2011; Zou et al., 2014). 
Although Massarotto et al. (2013) proposed that a portion of coal fines are suspected to be from 
overburden or interburden, it is generally considered that coal fines are originated from micro flow 
channels, namely coal cleats (Hou et al., 2014; Marcinew and Hinkel, 1990). It is also suggested 
that coal fines are mainly produced in soft coal layers (Cao et al., 2012b).  
Laboratory and field studies were conducted on formation fines in porous media for oil and gas 
reservoir engineering (Hibbeler et al., 2003; Miranda and Underdown, 1993; Muecke, 1979; 
Nguyen et al., 2010; Qiu et al., 2008). Some research studies focused on the mechanisms of coal 
fines generation (Lagasca and Kovscek, 2014; Liu et al., 2012; Marcinew and Hinkel, 1990; Wang 
and Lan, 2012). The common finding of earlier studies is that coal fines mainly come from inherent 
solid coal particles that are free in flow conduits, elastic self-regulating effect due to external 
pressure change, and mechanical collision induced by drilling and water flushing (Marcinew and 
Hinkel, 1990; Wang and Lan, 2012). A number of studies indicated that coal fines are mainly 
generated during the dewatering phase and they are produced continuously with water production 
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(Chen et al., 2009; Hou et al., 2014; Li et al., 2010; Zhang et al., 2011). It is known that coal fines 
experience failure and detach from coal cleats due to high initial water production rate in the 
dewatering phase (Okotie and Moore, 2010; Palmer et al., 2005). It is noted that coal fines can also 
be created during gas production (Hou et al., 2014; Magill et al., 2010). A variety of gas and water 
production parameters contribute to the production of coal fines. Different impacts of varying 
production conditions, including production pressure drawdown, flow velocity of the carrier media 
and mechanical properties of coal fines, such as strength, on coal fines creation were evaluated by 
several researchers through laboratory and field investigations. Zou et al. (2014) performed an 
experiment on coal fines migration in proppant packs during dewatering process, suggesting higher 
flow velocity creates more coal fines, and therefore, brings more severe damage to the fracture 
conductivity. Cao et al. (2012b) conducted an experiment on coal fines migration using varying 
pressure differences, concluding that higher pressure difference carries out more coal fines, and 
there is a critical pressure difference that initiates the migration, however they did not mention the 
pressure that generates coal fines. Wei et al. (2013) evaluated coal fines production by field 
investigation and pointed out that the well completion technology, extraction system and coal seam 
structure control the coal fines generation. Nevertheless, little has been done on comparing the 
effects of different parameters on coal fines production. 
Regarding the mathematical and numerical modelling, some researchers investigated formation 
fines migration in porous media (Civan, 2007a; Khilar and Fogler, 1998a; Koyama et al., 2008; 
Mirshekari et al., 2013). Bedrikovetsky et al. (2011b) developed an analytical model for strained 
fine particles in the petroleum engineering practices. Zeinijahromi et al. (2011b) derived a 
mathematical model for fines migration in the petroleum field, including one-phase and two-phase 
flows. Wang et al. (2013) combined hydrodynamics, porous media theory and rock mechanics to 
develop a mathematical model for coal fines migration. Most of these studies were dealing with the 
problem of fines migration, while little research has been conducted with the aim of characterizing 
coal fines generation. 
In this study, based on SEM images, fully coupled numerical simulations were developed to 
investigate the characteristics of coal fines generation under different production conditions with 
varying microstructures of coal. The scope of this study includes coal fines generated by inseam 
water flow during the dewatering phase. Since the dewatering process is pressure-driven, the effects 
of production pressure drawdown, temperature and the mechanical properties of coal fines, such as 
Young’s modulus and strength on coal fines generation, were studied. 
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3.2 Governing Equations 
3.2.1 Failure Criterion 
The von Mises criterion was widely used for the failure of coal (Kumar, 2008; Varnes, 1962; Zhu et 
al., 2014). This criterion was applied to investigate the failure zones in this study. Given that both 
the normal and shear components of the water stresses are applied on the cleat surfaces, the von 
Mises stress is therefore calculated as (Mises, 1913): 
 Error! Objects cannot be created from editing field codes. (3-1) 
where σ11, σ22 and σ33 are principal stresses, and σ12, σ23 and σ31 are shear stresses. Failure happens if 
the von Mises stress (σv) exceeds the strength of the material (σs): 
 Error! Objects cannot be created from editing field codes. (3-2) 
3.2.2 Fluid Flow 
Single water phase flow was considered in this work. For a static fluid, only isotropic normal stress 
acts on an element, meaning that the stress is independent of the orientation of the element surface. 
Therefore, the stress in the fluid at rest is (Kundu et al., 2011a): 
 Error! Objects cannot be created from editing field codes.  (3-3) 
where p is the pressure, I is the identity tensor, which is a second-order tensor, and the negative sign 
denotes that the stress is compressive rather than tensile. 
For a moving fluid, additional stress is developed because of viscosity, which is composed of both 
diagonal and off-diagonal components within τ. Thus, the stress in the flowing fluid is in the form 
of: 
 Error! Objects cannot be created from editing field codes. (3-4) 
where T is also called the deviatoric stress tensor. For the fluid, this symmetric tensor can be 
expressed as: 
 Error! Objects cannot be created from editing field codes.  (3-5) 
where µ is the dynamic viscosity, and E denotes the rate of strain tensor: 
 Error! Objects cannot be created from editing field codes.  (3-6) 
where u represents the velocity field, Error! Objects cannot be created from editing field 
codes.u means tensor derivative of the velocity field, and the superscript T symbolises the transpose 
of the tensor derivative. 
The effect of stress on a fluid is expressed in terms of Error! Objects cannot be created from 
editing field codes.p and Error! Objects cannot be created from editing field codes.T, which are 
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normal forces and viscous forces, respectively. Therefore, the water flow in coal cleat is described 
by the following equations: 
 Error! Objects cannot be created from editing field codes.  (3-7) 
 Error! Objects cannot be created from editing field codes.  (3-8) 
where ρ denotes water density. The left side of Equation (3-7) is defined as acceleration, consisting 
of a time-dependent term and a convective term, which means that individual water particles 
experience time-dependent acceleration as well as convective acceleration. Note that the convective 
acceleration therein is a non-linear spatial effect. On the other hand, the right side of Equation (3-7) 
is the summation of divergence of stresses. 
3.2.3 Solid Deformation 
In the dewatering process, the water interacts with the solid parts, but does not dissolve such 
structures, and thereby, the interfaces between water and solid experience a load imposed by the 
water. It is the summation of pressure effect and viscous force, given by: 
 Error! Objects cannot be created from editing field codes.  (3-9) 
where FT is the load exerted on solid surface by water, and n is the outward normal vector to the 
interfaces. 
The commercial software named COMSOL Multiphysics has been employed by many researchers, 
conducting numerical simulations on both fluid flow and solid mechanics (Liu et al., 2014; 
Vermeltfoort and Schijndel, 2013). It is capable of dealing with the equations listed above by a 
time-dependent solver, using Finite Element Method (FEM). Therefore, COMSOL Multiphysics is 
selected as the tool to achieve the aims of this paper. In the solver, the calculations for water flow 
and solid deformation are performed simultaneously.  
3.3 Model Implementation 
3.3.1 Numerical Simulation Procedure 
The numerical simulation procedure consists of six steps: 
1. Determine geometries from SEM images; 
2. Define boundary conditions; 
3. Add material to different parts (water and coal); 
4. Add mesh (free triangular mesh with boundary layers); 
5. Run simulations; and 
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6. Post-process simulation results. 
The procedure will be explained in detail in the following context. 
3.3.2 Cleat Geometry Determination 
In order to achieve the cross-section views of coal cleats and the coal fines therein, and also to 
obtain the same size domain to make these models comparable, four Scanning Electron Microscopy 
(SEM) images were taken from different regions of the sample (Gamson and Beamish, 1991). All 
images are with the same magnification at ×750. Since coal fines were considered to be mainly 
created from coal cleats, only the cleats and the fine particles inside were examined. The original 
SEM images were 157.9 µm × 118.4 µm in real size to develop the geometry of cleats with coal 
fines. These selected images were then implemented into MATLAB to achieve different domains 
that can be accepted by COMSOL Multiphysics. Several irregularly shaped, exposed 
microstructures and convex particles are observed (Figure 3-1 (a1-a4)), which are likely to become 
coal fines and will be examined in the following numerical studies. The size distributions of these 
potential fines are on the order of hundreds of nanometres to several microns, which is consistent 
with previous studies (Fan et al., 2015; Wei et al., 2015). Furthermore, the cleat geometries in these 
four images are quite different, with varying constraints, and the orientations of the cleat change at 
different locations. 
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Figure 3-1. (a) SEM images of coal cleats; (b) cleat geometries and boundary conditions used in 
numerical simulations. 
23 
 
3.3.3 Model Settings 
 
Four numerical models were developed based on different cleat shapes as shown in Figure 3-1. In 
these models, it was assumed that only water phase exists during the dewatering stage. According to 
Massaratto et al. (2013), the density of field coal fines is approximately 1300 kg/m3, which is 
similar with the density of coal material. Most coal fines are attached to cleat surfaces with a very 
weak bonding force (Marcinew and Hinkel, 1990); therefore, a low strength is applied. The regions, 
which are not in the vicinity of water flow, have little influence on coal fines output (Chen et al., 
2009), and therefore in these models, the modified coal fines properties were selected as the solid 
parts. With respect to the physical and mechanical properties of coal fines (Greenhalgh and 
Emerson, 1986), all values are listed in Table 3-1. It is noted that water density and dynamic 
viscosity are affected by temperature. 
Table 3-1. Physical and mechanical properties of the materials used in base cases of each model. 
Property Value 
Density, water (kg/m3) 1000 
Dynamic viscosity, water (Pa·s) 0.001 
Density, solid (kg/m3) 1300 
Young’s modulus (GPa) 5.8 
Poisson’s ratio 0.36 
Strength (Pa) 100 
 
 
In these models, the two-way couplings occurred on the boundaries between the water phase and 
the solid parts. Unlike one-way coupling, which only applies the link through one direction, by 
employing two-way coupling method, the solid deformation is imposed by the water flow, and in 
turn, the water flow is influenced by the solid deformation. It should be noted that the simulation 
results are more accurate using two-way coupling. 
The boundary conditions applied in the numerical simulations are illustrated in Figure 3-1. The 
fluid was set to flow in a laminar regime through the coal cleats from left to right in Models 1, 2 and 
3, and from top to bottom in Model 4. The numerical simulation was performed for 1.5 s. From 0 to 
1 s, the pressure difference between the inlet and outlet (PD) increased from 0 to 100 Pa gradually, 
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and from 1 s to 1.5 s, PD remained at 100 Pa. A same amount of boundary load was exerted on the 
solid boundaries around the inlet, with the in-situ stress as the reference point. At the outlets, the 
relative pressure was set to be 0. The rest solid boundaries were set as rollers. For Model 2 
specifically, the solid part inside the fluid flow was set as fixed constraint to only examine the 
possible coal fines generated from cleat surfaces. 
According to the complex geometries of all models, free triangular mesh has been applied to fit in 
“corners” and “tips”. Boundary layer mesh has also been added to simulate the “no-slip” condition. 
3.3.4 Modelling Scenarios 
In this study, several production parameters were examined, including the maximum differential 
injection pressure (PD) which represents the production pressure drawdown in the near wellbore 
region (80 Pa ≤ PD ≤ 110 Pa) (Kissell and Iannacchione, 2014), temperature (T) (16 °C ≤ T ≤ 22 °C) 
and coal fines properties involving Young’s modulus (E) (4.6 GPa ≤ E ≤ 6.4 GPa) and strength (S) 
(80 Pa ≤ S ≤ 110 Pa) to investigate the impact of each parameter on coal fines generation. It should 
be noted that in the field, fracture pressure difference is measured on the basis straight line distance 
between two points, PD is set to be the same for each model because of the same domain size. 
During the modelling, only one parameter was varied at a time, while keeping others unchanged. 
The base case for all models was defined as PD=100 Pa, T=20 °C, E=5.8 GPa and S=100 Pa. 
3.4 Results and Discussion 
3.4.1 Impact of Production Pressure Drawdown 
The PD was varied on the range of 80 Pa ≤ PD ≤ 110 Pa to investigate the effect of production 
pressure drawdown on coal fines production. The results at steady state for different values for PD 
were compared with the base case for each model, as shown in Figure 3-2, Figure 3-3, Figure 3-4 
and Figure 3-5. Red colour represents failed regions, while blue colour denotes the areas that stress 
is less than strength in the solid parts. To better visualize the failures in Models 3 and 4, typical 
failed regions were highlighted and enlarged. 
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Figure 3-2. Failure zones (red) at different values of pressure difference for Model 1 (coordinate 
unit: µm). 
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Figure 3-3. Failure zones (red) at different values of pressure difference for Model 2 (coordinate 
unit: µm). 
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Figure 3-4. Failure zones (red) of solid parts, and one typical highlighted failure region (red) at 
different values of pressure difference for Model 3 (coordinate unit: µm). 
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Figure 3-5. Failure zones (red) of solid parts, and one typical highlighted failure region (red) at 
different values of pressure difference for Model 4 (coordinate unit: µm). 
Observations on these numerical studies indicate that there are several kinds of microstructure that 
tend to produce coal fines. The first one includes exposed microstructures and sharp change of cleat 
aperture. According to Equation (3-9), this is because such structures narrow the cleat aperture, and 
the pressure drop at aperture contractions exerts high pressure gradient across these microstructures, 
causing high pressure force. In addition, narrowed conduit increases flow velocity, and due to the 
inertial effects of water flow, drastic velocity declination of water flow induces high viscous force 
on exposed microstructures. However, if convex microstructures are thick and/or short, pressure 
gradient before and after these particles is low, and/or the velocity alteration is small, the total force 
may not be sufficient to break them. It is the similar case for exposed microstructures which stand 
behind other convex particles in a close distance. The second kind refers to the regions of channel 
elbow. Abrupt change in flow direction applies high velocity gradient change, which boosts the 
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viscous force in the elbow areas. The third category is the tips of dead-end micro fractures. Huge 
viscous force is brought about at fracture tips to cease water flowing, competing with the water flow 
inertial force. Nevertheless, the viscous force can be drawn down by the variation between the flow 
direction and the micro fracture extension direction. 
It also can be seen that, once a certain region is failed, the failure area expands with growing PD. 
The enlargement of the failure area follows certain routines for different microstructures. This can 
be explained by the stress concentration theory (Pilkey, 2004). For example, failed zones appear 
first at bottom corners of an exposed particle, and then tend to connect at the bottom of such particle 
and become a bend, following the path with highest pressure gradient. Then the connected bend is 
thickened as PD goes further up. With regard to sharp direction change and micro crack tip areas, 
failure starts at the turning point of flow channel and the fracture tip, and grows with higher PD. 
Two types of potential coal fines generation were observed in the results. One is a microstructure 
exhibiting connected failed regions and thus, in this case, the fine particle is entirely removed 
following the boundary of the connected damage bend. The other refers to the structures 
experiencing failure at the bottom corners. Such parts were also regarded as potential fines because 
the water flow is flushing them continuously, which forced the failed areas to propagate, and finally 
interconnected to each other and caused detachment from coal cleats. To predict the production of 
coal fines (V), the summation of these two types of failure was calculated. Considering unit 
thickness of the whole domain as 1 µm, for the four models, the estimated produced coal fines 
volumes as a function of PD are demonstrated in Figure 3-6. 
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Figure 3-6. Relationships between coal fines production and pressure difference for four models. 
For this coal sample and within these PD frames, more coal fines are generated with increasing PD. 
This is because higher pressure induces larger pressure force, and the viscous force is also enlarged 
since higher velocity is imposed by higher pressure gradient. Therefore, the total force exerted on 
solid is larger, and more failed area can be observed. It also can be seen that V is more sensitive to 
PD when PD is in a higher value. For Model 2 specifically, a threshold value for PD can be noticed 
between 90 Pa and 100 Pa. Above this threshold V increases remarkably because a further 
detachment of coal particles take place. In the light of this statement, coal fines creation can be 
controlled to some extent if the production pressure drawdown is set below these thresholds by 
regulating the water level in the well and the dewatering pump pressure. Our findings obtained from 
the numerical simulations have the same trend with field observations, where more coal fines are 
produced from the wells with greater production pressure drawdown (Bing et al., 2015; Tao et al., 
2017b).  
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3.4.2 Impact of Temperature 
In order to investigate the impact of T on coal fines output amount, T was varied from 16 °C to 
22 °C for each model. The results show that no evident impact of T on coal fine creation was 
observed within studied T range. However, there is a linear increase of the mean flow velocity (u) 
with increasing T. The normalized relationships with the base case of each model between u and T 
are demonstrated in Figure 3-7. This is because higher T causes lower water dynamic viscosity and 
density (Kestin et al., 1978) which in turn accelerate the flow. In the light of this statement, higher 
velocity and lower dynamic viscosity become counterparts in determining the total force acted on 
microstructures. As a result, the impact of T is so small that can be neglected in this work. It can be 
suggested that by increasing the temperature via reservoir management system, the dewatering 
process can be accelerated without producing more fines. 
 
Figure 3-7. Normalized relationships of mean velocity and temperature for four models. 
3.4.3 Impact of Coal Mechanical Properties 
Coal mechanical properties could also play a significant role in coal fines production. In this part, 
the E values ranging from 4.6 GPa to 6.4 GPa, and the S values ranging from 80 Pa to 110 Pa were 
changed separately to examine their corresponding effects on V.  
Results reveal that E exerts little influence on V. It is because E value is quite high, the 
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displacement of the solid parts is too little to distinguish the variation of E, which does not 
influence the flow behaviour. 
With respect to S, the simulation results are displayed in Figure 3-8, Figure 3-9, Figure 3-10 and 
Figure 3-11. Failed area is shrinking as S is growing. The suspect coal fines region and failure 
propagation mode are similar with those of changing PD. However, the failed area is larger 
compared with that of corresponding PD value, which represents that V is more sensitive to S rather 
than PD. 
 
Figure 3-8. Failure zones with varying strength for Model 1 (coordinate unit: µm). 
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Figure 3-9. Failure zones with varying strength for Model 2 (coordinate unit: µm). 
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Figure 3-10. Failure zones (red) of solid parts, and one typical highlighted failure region (red) at 
different values of strength for Model 3 (coordinate unit: µm). 
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Figure 3-11. Failure zones (red) of solid parts, and one typical highlighted failure region (red) at 
different values of strength for Model 4 (coordinate unit: µm). 
For the four models, V values are plotted against different S (Figure 3-12). V is dragged down by 
increasing S, and it is more sensitive to S when S is rather low. Such relationships indicate that more 
coal fines production could be expected from soft and weak coal seams, which is a potential risk 
that should be considered when designing the production strategy. This is in good consistency with 
previous finding (Cao et al., 2012b), in which softer coal seams create more fines. Therefore, coal 
fines output can be better controlled if production takes place in coal layers with hard physical 
property. 
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Figure 3-12. Relationships between coal fines production and strength for four models. 
3.4.4 Impact of Cleat Geometry 
In order to examine how cleat geometry affects coal fines generation, the average pressure gradient 
in each cleat must be the same. Therefore, the effective flow length (l) and the mean cleat aperture 
(a) were computed. The l was defined as the average length of cleat surfaces; while the a was 
defined as arithmetic mean aperture of a cleat. PD was kept as 100 Pa for Model 1 to develop PDs 
for the rest models. The corresponding values for each model are listed in Table 3-2. Other 
parameters except for PD were kept as the ones in the base cases. 
Table 3-2. Effective flow length, mean cleat aperture and pressure difference for each model 
Model Number l (µm) a (µm) PD (Pa) 
1 241.05 4.157 100.00 
2 200.60 4.969 83.22 
3 220.55 3.756 91.50 
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4 178.15 4.770 73.91 
 
The flow velocity contours for each model are plotted with the same colour scale ranging from 0 to 
0.002 m/s in Figure 3-13. Flow velocities in Models 2 and 4 are higher than those in Models 1 and 3, 
because the mean cleat apertures are larger for Models 2 and 4. The flow boundary condition was 
set to be no-slip at walls, which means the velocity at cleat surface is 0. In this manner, bigger 
aperture has less fraction of influenced zones induced by no-slip condition, and has higher flow 
velocity. 
 
Figure 3-13. Flow velocity contours and highlighted regions showing highest velocity in each 
model (coordinate unit: µm). 
The evolutions of the failed area for four models were calculated. It is noted that coal fines are not 
generated until PD reaches critical values. When PD exceeds these critical values, failed zones start 
to expand rapidly. The critical values are listed in Table 3-3, showing little variance according to 
different cleat geometries. The indication of the critical pressures is that during the dewatering 
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process, if the pressure difference between reservoir pressure and bottom-hole pressure (BHP) can 
be controlled below the critical value through BHP management system, coal fines generation can 
be contained at a minimum level. 
Table 3-3. Critical pressure difference values for four models 
Model Number Time (s) Critical PD (Pa) 
1 0.41 34.12 
2 0.44 32.46 
3 0.40 29.28 
4 0.45 30.30 
 
The relationship between u and a shows a general positive fashion (Figure 3-14). The higher value 
for u in Model 4 compared to that in Model 2 can be explained as the flow branch brings up the 
proportion of no-slip influenced zones in Model 2. V seems to be irrelevant to a, this is probably 
because V is closely related to the local flow velocity distribution rather than the mean velocity, and 
the local microstructures as described previously. The indication is that the production wellbore and 
fracturing should be located away from disturbed coal seams, because they may have rougher cleats 
to generate more coal fines. 
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Figure 3-14. Mean velocity and coal fines production as a function of average aperture with the 
same average pressure gradient. 
3.5 Conclusions 
In this study, identification of the surface properties of coal cleats was conducted using the 
Scanning Electron Microscopy (SEM) images corresponding to a coal sample from Bulli Seam of 
Sydney Basin in Australia. Four SEM images were then analysed to obtain the actual cleat 
geometries and the characteristics of coal fines distribution. A fully coupled numerical model was 
developed to identify the creation process of coal fines at a micro-scale. The impacts of production 
conditions on coal fines generation were comprehensively studied. The below conclusions are 
drawn: 
 
(1) The results show that for this coal sample, the size distributions of coal fines are in the order 
of hundreds of nanometres to several microns.  
(2) A critical pressure difference was found for each model, above which coal fines begin to 
yield rapidly. Such critical pressure seems to be irrelevant to cleat geometry. It was also 
found that more fines are generated with increasing pressure, and threshold values 
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dependent on cleat geometry exist, above which coal fines production grows dramatically. 
However, little variance was observed on coal fines generation with changing temperature 
and Young’s modulus. 
(3) The mean flow velocity is accelerated by temperature build up without producing more coal 
fines. Water flows faster in wider cleats under the same cleat pressure gradient. 
(4) Strength plays a significant role in determining the amount of coal fines. Coal fines are 
generated less with increasing strength, and coal fines production is more sensitive to 
strength variations at rather low level. Moreover, strength exerts more effects on coal fines 
generation than pressure. 
(5) Coal fines production is strongly related to coal cleat geometry and local flow velocity 
distribution. Observations show that exposed microstructures, cleat elbow regions and micro 
fracture tips are more likely to become coal fines. These findings can provide useful insight 
to the production control under different conditions to mitigate the coal fines issue for 
coalbed methane production. 
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Chapter 4 Two-phase flow simulation of coal fines generation 
4.1 Introduction 
The life of a Coal Seam Gas (CSG) well typically consists three stages: (1) dewatering; (2) stable 
production; and (3) decline (Moore, 2012). The flow regime inside coal seams varies at different 
stages. Coal seams are initially saturated with water under high pore pressure. The high water 
pressure locks CSG in coal matrices in the adsorption state (Gilman and Beckie, 2000). Therefore, 
little gas is produced during the early dewatering stage, and the flow inside coal seams is regarded 
as single-phase water flow. As coal seams are progressively dewatered, at the late stage of the 
dewatering process, CSG production begins to accelerate while water production starts to decline, 
thereby, the flow is referred to as being gas-drive-water two-phase flow till the early stable 
production stage (Saghafi et al., 2014b). When CSG production reaches the late stable production 
stage, single-phase gas flow occurs in coal seams. This is also the case throughout the decline stage 
of CSG production (Moore, 2012). Additionally, in the dewatering and the stable production phases, 
pressure transient testings may be conducted in place to obtain dynamic reservoir data, which is 
frequently associated with well shut-in (Chen et al., 2015b). During well shut-in, the build-up of 
water level and pressure may cease the desorption process, forming the water-drive-gas flow regime 
in coal seams. Based on these statements, the flow regimes during CSG production process can be 
summarised in Figure 4-1. 
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Figure 4-1. CSG production stages and corresponding flow regimes in coal seams. Adapted from 
Moore (2012). 
One of the most important operational difficulties for CSG wells relates to production of coal fines, 
which reduces gas productivity and presents a substantial maintenance burden. Throughout the CSG 
production process, coal fines are originated from coal cleats (Fan et al., 2015; Wei et al., 2015). 
Some of the created coal fines can be migrated towards the well by the fluid flow, and deposit at the 
bottom of the well, burying in-seam pumps. In this case, frequent workovers are required to clean 
out the fines (Nimerick et al., 1990; Okotie and Moore, 2010). Some may settle down during the 
migration process inside coal cleats, narrowing or even totally plugging these natural fractures. This 
gives rise to significant reduction in permeability (Harpalani and Schraufnagel, 1990). Both 
phenomena detrimentally impact the CSG production efficiency (Black, 2011).  
Investigations have been conducted into the characterisation of coal fines. The sizes of coal fines 
majorly range from hundreds of nanometres to hundreds of microns (Fan et al., 2015; Wei et al., 
2015). Apart from coal material, clay minerals, mainly including kaolinite and illite, are also found 
in coal fines, making the density higher than that of coal seam (Massarotto et al., 2013; Turner et al., 
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2013). Marcinew and Hinkel (1990) reported that the mineral contents may vary from different 
samples of coal fines. 
In order to evaluate the impact of coal fines on CSG production efficiency, Guo et al. (2015b) 
performed water core flooding tests to monitor real-time permeability variations. Effluents with 
coal fines were collected and analysed in terms of concentration. Moreover, slow decline of 
permeability had been observed, which corresponded to the amount of coal fines production. Huang 
et al. (2008) reported that the wettability of formation fines influences the movement of these small 
particles in water. 
The wettability of coal and coal fines plays an important role not only in determining two phase 
interaction, but also in controlling coal fines migration behaviour. Zou et al. (2014) assessed the 
effect of wettability on coal fines migration, suggesting that the more hydrophilic the coal fines are, 
the more easily they can migrate with water. They also concluded that the settlement of coal fines in 
flow conduits dramatically reduced the fracture conductivity. Nevertheless, these studies remain at 
the stage of single-phase water flow, studies on the behaviour of coal fines in gas flow or water-gas 
two-phase flow has yet to be found.  
The wettability of coal has also been investigated, indicating that coal material can be both water-
wet and gas-wet, which is contingent on coal rank, pressure, temperature, etc. (Mahoney et al., 2015; 
Saghafi et al., 2014a; Siemons et al., 2006). It is suggested that the higher the rank, pressure and 
temperature, the more hydrophobic the coal material. Therefore, the wettability is changeable under 
in-situ conditions corresponding to varying reservoir pressure and temperature, and altering the pH 
of the fluids in coal seams to alkaline. The higher the pH, the more water-wet the coal material 
(Chaturvedi, 2006). 
Understanding the mechanism of coal fines generation is essential for developing mathematical 
models to gain insights into this complex phenomenon, and designing proper treatment to manage 
the migration of fines. Two major force categories are commonly considered to be responsible for 
the generation and migration of coal fines: hydrodynamic force and colloidal force. The release of 
coal fines occurs when the hydrodynamic force overwhelms the colloidal force (Chen et al., 2009; 
Hou et al., 2014; Khilar and Fogler, 1998b; Marcinew and Hinkel, 1990; Zhang et al., 2011). 
Bedrikovetsky et al. (2011a) proposed a mathematical model based on force balance, considering 
the effect of particle rotation. However, the rotation effect can be neglected because of the small 
sizes of coal fines (less than 100 μm). Instead of force balance, stress balance has also been applied 
to evaluate fines generation. Both shear failure (Palmer et al., 2005; Turner et al., 2013) and tensile 
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failure (Moore et al., 2011) are suggested as probable reasons for the generation process if the stress 
balance is breached. The mechanical interaction between coal cleat surfaces and single-phase water 
flow has been investigated in our earlier study (Bai et al., 2015). Coal fines are mainly generated 
from exposed micro-structures, cleat elbows and micro-fracture tips, once the stress exceeds the 
solid strength. However, investigations into the generation of coal fines in two-phase flow are yet to 
be conducted. 
In this paper, coal fines generation during the entire process of CSG production will be examined 
under four flow regimes: (1) water flow; (2) gas-drive-water flow; (3) water-drive-gas flow; and (4) 
gas flow, including water-wet and gas-wet for two-phase flow scenarios. The amount of potential 
coal fines is quantified and compared for each of the flow regimes. Based on the numerical results, 
dimensional analysis will be conducted and a new criterion that can be used to evaluate coal fines 
generation will be developed, which aims to deliver a comprehensive knowledge of coal fines 
generation under different flow regimes and meanwhile offers useful mitigation strategies as to how 
to minimize coal fines induced production delay. 
4.2 Governing Equations 
Coal fines generation phenomenon mainly consists of and is affected by two physics, namely fluid 
flow and solid mechanics. The fluid flow (majorly two-phase flow in this study) exerts dynamic 
forces on the solid materials, creating small deformation. Such deformation will in turn affects the 
fluid flow status. By applying failure criteria for the solids, coal fines generation can be evaluated. 
The coupling process of these physics can be illustrated in Figure 4-2. 
 
Figure 4-2. Integrated fluid flow and solid mechanics simulation model. 
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4.2.1 Fluid flow (two-phase flow) 
In two-phase flow, apart from tracking the interface, the transport of mass and momentum for the 
fluids is also required. The formation of the Navier-Stokes Equation is employed to simulate the 
fluid flow, and the capillary effect is accounted for by including surface tension in the equation 
(Kundu et al., 2011b): 
 0 u    (4-1) 
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where t is time, p is the pressure, I is the identity tensor and Fst stands for the surface tension force. 
With respect to track the interface of two immiscible fluids numerically, two method are widely 
used, namely the Level Set Method (LSM) and the Phase Field Method (PFM) (Akhlaghi Amiri and 
Hamouda, 2013; Slavov and Dimova, 2007). In this research, PFM was selected because it better 
handles the interface movement induced by surface tension which is an important aspect of CSG 
flow, maintains better conservation and requires less computational time compared with LSM 
(Akhlaghi Amiri and Hamouda, 2013). The phase field variable (ϕ) and phase field help variable (ψ) 
are introduced in PFM. The following equations describe the generation, evolution and dissolution 
of the interface (Cahn and Hilliard, 1958; Chatzis and Dullien, 1983): 
 
2t
 
 


   

u   (4-3) 
 
2
2 2 ext( 1)
f
    
 
  
       
 
  (4-4) 
where u denotes the fluid velocity field, λ is the mixing energy density, ε is the capillary width that 
scales with the interface thickness, γ is related to ε through γ=χε2 where χ is the mobility tuning 
parameter, and  fext is the external free energy density. 
The relationship among λ, ε and the surface tension coefficient (σ) is expressed as (Yue et al., 2004): 
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The volume fraction of the displaced fluid (Vf2) is defined as (Yue et al., 2004): 
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where -1  ϕ1. 
The density (ρ) and dynamic viscosity (μ) is then defined by the following equations, respectively: 
 1 2 1 f2( )V        (4-7) 
 1 2 1 f2( )V        (4-8) 
where ρ1 and ρ2 are the densities, and μ1 and μ2 are the dynamic viscosities of the injection fluid and 
the displaced fluid, respectively. 
The following equation approximates the contact angle (θw) between a specific fluid and the solid 
surface (Yue et al., 2004): 
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where n is the interface normal vector. 
The phase field help variable (ψ) is assigned: 
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The equations listed above were employed to track the interface dynamics. 
4.2.2 Solid mechanics 
The fluid flow will exert both pressure and viscous forces on the surfaces of coal cleats, given by 
(Böl et al., 2009): 
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where FT is the load acted on cleat surfaces by the fluid flow. 
4.2.3 Failure criterion 
Two main failure modes have been found to be responsible for coal fines generation: shear failure 
and tensile failure (Moore et al., 2011; Palmer et al., 2005). In this paper, micro-structures were 
considered to be unstable once the stress balance for either failure mode was breached. 
For shear failure, the Mohr-Coulomb criterion has been widely used for coal material investigations 
(Espinoza et al., 2015a, b; Woskoboenko et al., 1991), and was selected as the criterion in this study. 
The shear strength (τstrength) is given by (Coulomb, 1776; Lu et al., 2009): 
 tanstrength n c      (4-12) 
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where σn is the normal stress, φ is the angle of internal friction and c is the cohesion. 
The shear stress (τstress) and normal stress (σn) at the potential failure plane are then expressed by: 
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where σ3 is the third principal stress. 
By combining Eqs (4-12) - (4-14), it is suggested that micro-structures in coal cleats will fail if the 
shear stress acted on them exceeds their shear strength: 
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A special case of Mohr-Coulomb criterion is that the maximum principal stress equals to zero, and 
failure occurs only when the applied external stress reaches the uniaxial tensile strength (σt). This 
can be written as (Lu et al., 2009): 
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Therefore, this value was chosen to be the cut-off point that distinguishes the failure mode of coal 
fines from shear failure to tensile failure. The failure criterion applied in this study was then 
summarized as: 
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where σts represents the tensile stress. In other words, if the tensile stress is below the cut-off point 
value, micro-structures will undergo tensile failure; otherwise they will fail because of shear. 
The equations for two-phase flow, solid mechanics and the failure criterion were implemented in 
COMSOL Multiphysics software, which is capable of solving the equations listed above 
simultaneously. The coupling of fluid flow, involving single-phase and two-phase flow, and solid 
mechanics can be realised in this software. Moreover, the failure criterion aforementioned was 
integrated to evaluate potential coal fines. 
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4.2.4 Validation of Simulation Method 
The validation of two-phase flow simulation was achieved by comparing the numerical results with 
the experimental study conducted by Dai and Zhang (2013). In order to examine the water film 
development phenomenon in two-phase flow, the same boundary conditions were applied in the 
simulations according to the experimental setup. The data from the literature is listed in Table 4-1. 
Table 4-1. Data from the experimental study (Dai and Zhang, 2013) 
Property Value 
Density, water (kg/m3) 1000 
Dynamic viscosity, water (Pa·s) 0.001 
Density, oil (kg/m3) 896 
Dynamic viscosity, oil (Pa·s) 0.1223 
Injection velocity (m/s) 1.13×10-5 
Tube diameter (mm) 1.2 
 
Since the time frame of the experimental work was not stated in the literature, only the shapes of the 
oil slug compared and analysed. The comparison of the results is illustrated in Figure 4-3. It can be 
seen that the shapes of the oil slug obtained from the numerical simulation coincided with those 
observed in the experimental investigations. The development of water film forward was 
successfully simulated by applying PFM, showing that PFM is suitable for simulating the 
immiscible two-phase flow. 
 
Figure 4-3. Validation of the present two-phase flow mode (a) experimental results (Dai and Zhang, 
2013); and (b) numerical results (present model). 
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4.3 Numerical Model Implementation 
In this section, the governing equations are solved numerically to investigate coal fines generation 
behaviour under different flow regimes. The selection of model geometries and the settings of both 
boundary conditions are explained here.  
4.3.1 Cleat geometry determination 
The coal samples were extracted from the Bowen Basin in Australia. The cross-sectional profiles of 
coal cleats were obtained using Scanning Electron Microscopy (SEM) scanning. The SEM images 
were then manipulated in MATLAB to achieve the real geometries of the cleats that can be 
implemented in COMSOL Multiphysics. Coal matrices near cleat surface were considered as 
potential sources of coal fines, like shown in Figure 4-4. The size of the whole geometry is 157.9 
μm × 118.4 μm for every model. 
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Figure 4-4. Cleat geometry derived from the SEM images, adapted from Bai et al. (2015). 
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4.3.2 Boundary conditions and model setup 
Initially, the cleat is saturated by water phase, and the gas phase was injected from the upstream to 
simulate the gas-drive-water scenario. In these simulations, the gas was considered to be pure 
methane. With the in-situ stress as the referencing point, the upstream gauge pressure was set to be 
80 kPa, which was sufficiently large to overcome the capillary pressure to initiate the flow 
according to Young-Laplace Equation (Yang et al., 2015), and the downstream gauge pressure was 
0. Afterwards, the phase situation was reversed to model the water-drive-gas case. In other words, 
both gas-drive-water and water-drive-gas scenarios were investigated in coal cleats, associated with 
prediction of coal fines generation. For the simulations of single-phase flow, the fluid phase was 
driven by a pressure difference of 80 kPa, which was the same as that used in two-phase simulations. 
With respect to the grid layout, the simulation domains were meshed separately as coal cleats and 
coal matrices using COMSOL embedded meshing method. In the coal cleats, the mesh grids were 
fine enough to gain accurate two-phase flow results; while in the coal matrices, the grids were fine 
around the tortuous cleat surfaces to quantify potential coal fines, but coarser in the middle to 
reduce the computational time. The shape of the grids was triangular, and there were approximately 
300,000 mesh elements for different geometries. 
The input values of physical and mechanical properties of materials in the numerical simulations are 
listed in Table 4-2. It should be noted that the cohesion was small because the potential coal fines 
are attached to the cleat surface with a weak bonding force (Marcinew and Hinkel, 1990). 
Table 4-2. Input physical and mechanical properties of the materials in the numerical studies, 
adapted from Greenhalgh and Emerson (1986) 
Property Value 
Density, water (kg/m3) 1000 
Dynamic viscosity, water (Pa·s) 0.001 
Density, gas (kg/m3) 0.66 
Dynamic viscosity, gas (Pa·s) 7.4e-6 
Contact angle of gas (º) 
130 (water-wet) 
50 (gas-wet) 
Density, coal fines (kg/m3) 1300 
Young’s modulus (GPa) 5.8 
Poisson’s ratio 0.36 
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Angle of internal friction (º) 30 
Cohesion (kPa) 80 
Surface tension coefficient (water and 
gas) (N/m) 
0.071 
Tensile strength (kPa) 92.4 
 
4.4 Results and Discussion 
4.4.1 Coal fines generation in single-phase flow 
Single-phase water flow occurs during the early dewatering stage (Regime 1 in Figure 4-1); while 
single-phase gas flow takes place after late stable production stage (Regime 4 in Figure 4-1). Since 
little difference was marked between the single-phase water scenario and the single-phase gas 
scenario in terms of coal fines generation, both of them were categorised as the single-phase flow 
scenario. The failed areas are illustrated in black and the safe zones in orange in Figure 4-5, and 
those failed zones cannot be clearly seen are highlighted in circles. Failures occurred at some 
exposed micro-structures. The area of potential coal fines for each model was 40.1 μm2, 9.86 μm2, 
0.96 μm2 and 7.82 μm2, respectively. The comparison of coal fines generation among different flow 
regimes will be discussed later in Section 4.4.4. 
53 
 
 
Figure 4-5. Potential coal fines generated by single-phase flow in different models. 
The possible reasons for little variation between water and gas flow cases are that, on the one hand, 
for the single-phase water flow, higher dynamic viscosity generated lower flow velocity; on the 
other hand, for the gas flow, the flow velocity was higher because the dynamic viscosity was lower. 
This made the total stresses acting on cleat surfaces comparable, and as a result creating similar 
amount of coal fines. As stated in our previous work, the generation of fines can be induced by huge 
pressure difference over these micro-structures (Bai et al., 2015). 
4.4.2 Coal fines generation in two-phase flow (gas-drive-water) 
This case takes place in the majority of time from later dewatering till early stable production 
phases (Regime 2 in Figure 4-1). Two different scenarios (i.e. water-wet and gas-wet) will be 
discussed to investigate the impact of coal wettability on coal fines generation. 
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4.4.2.1 Water-wet scenario 
For the case that coal is water-wet, the evolutions of the water displacement process are illustrated 
in Figure 4-6, Figure 4-8, Figure 4-10 and Figure 4-12. It should be noted that in the coal cleat, red 
and blue represent gas phase and water phase, respectively; whereas in the matrices, black colour 
identifies the failed regions (i.e. potential coal fines), while orange colour implies such areas are 
stable. In order to better visualise specific failed regions, square close-ups of such spots are 
embedded, demonstrating the newly failed zones at certain time points. Moreover, the 
developments of pressure distribution in the cleats are demonstrated in Figure 4-7, Figure 4-9, 
Figure 4-11 and Figure 4-13, insets of the same regions are also displayed. 
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Figure 4-6. Evolution of two-phase interface and potential coal fines generation for Model 1 under 
water-wet gas-drive-water condition (In coal matrices, black represents potential coal fines; in the 
cleats, red means gas phase while blue indicates water phase). 
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Figure 4-7. Evolution of pressure distribution along the coal cleat for the water-wet gas-drive-water 
scenario of Model 1. 
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Figure 4-8. Evolution of two-phase interface and potential coal fines generation for Model 2 under 
water-wet gas-drive-water condition (In coal matrices, black represents potential coal fines; in the 
cleats, red means gas phase while blue indicates water phase). 
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Figure 4-9. Evolution of pressure distribution along the coal cleat for the water-wet gas-drive-water 
scenario of Model 2. 
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Figure 4-10. Evolution of two-phase interface and potential coal fines generation for Model 3 under 
water-wet gas-drive-water condition (In coal matrices, black represents potential coal fines; in the 
cleats, red means gas phase while blue indicates water phase). 
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Figure 4-11. Evolution of pressure distribution along the coal cleat for the water-wet gas-drive-
water scenario of Model 3. 
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Figure 4-12. Evolution of two-phase interface and potential coal fines generation for Model 4 under 
water-wet gas-drive-water condition (In coal matrices, black represents potential coal fines; in the 
cleats, red means gas phase while blue indicates water phase). 
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Figure 4-13. Evolution of pressure distribution along the coal cleat for the water-wet gas-drive-
water scenario of Model 4. 
As can be seen from Figure 4-6 (a), Figure 4-8 (a), Figure 4-10 (a) and Figure 4-12 (a), a convex 
interface between gas and water was formed immediately in the flow direction, due to the existence 
of surface tension. The interfaces advanced along the cleat with time, leaving some residual water 
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adhered to the cleat surfaces. This phenomenon was particularly obvious in Model 3 (Figure 
4-10 (e)) and Model 4 (Figure 4-12 (d)). The trapped water can either be finally expelled, or 
permanently retained depending on the size and shape of the micro-structures. Dead-end micro-
fractures tend to hold residual water permanently. Take Model 1 for instance, the fractures shown in 
the insets in Figure 4-6 (c) and (e) locked water permanently. It also should be noted that in Model 
2, water was trapped in the narrower flow bypass, which is referred as bypassing trapping 
mechanism. With respect to the failed areas, they were either initiated or expanded when the 
interface passed by. For example, the micro-structure in the inset of Figure 4-6 (c) exhibited 
significant expansion of the failed area when the interface flew by. Potential coal fines were found 
around trapped water. These phenomena can be explained by the pressure variations in the cleats 
during the displacement of water by gas. The created coal fines for each model were 219.34 μm2, 
23.19 μm2, 8.84 μm2 and 39.43 μm2, respectively. 
As show in Figure 4-7, Figure 4-9, Figure 4-11 and Figure 4-13, the interface between gas and 
water separated high and low pressure because of the interfacial tension. For the studied case, the 
pressure differences were sufficient to overcome the capillary pressure to initiate the fluid flow 
(Saghafi et al., 2014a), with the peak pressures ranging from approximately 86 kPa to 105 kPa for 
different models. Once the gas phase flew through the cleat, the pressure drops were strongly 
related to the shock losses caused by the cleat roughness and aperture tortuosity. The creation of 
coal fines was strongly controlled by pressure variations in the cleat and the stress applied to the 
cleat surface. The residual water was initially trapped due to inadequate pressure difference to 
overcome the capillary pressure. Such pressure difference may be enhanced as the interface moved 
forward, till some trapped water was displaced. With regard to the water permanently trapped in the 
dead-end micro-fractures, it was attributed to the insufficient invasion pressure to overcome the 
capillary pressure. Take Figure 4-6 (c) for instance, the maximum pressure in the cleat was 86 kPa, 
however, the capillary pressure of this fracture was 182 kPa from Young-Laplace Equation. The 
smaller the aperture, the greater the invasion pressure is required for the residual phase to be 
displaced (Yang et al., 2015). Furthermore, for the bypassing trapping mechanism, the gas phase 
tended to flow towards the wider flow conduit because of lower capillary pressure, which 
contributed to a preferential flow path (Chatzis and Dullien, 1983). The narrower bypass would 
entrap the water phase unless the invading pressure becomes even larger. 
Another finding is that it showed a sharp increase in the velocity of the gas phase right after 
breakthrough (mean velocity at the outlet increased from 0.616 m/s to 1.249 m/s), which was 
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largely due to the less resistance from the water phase. The increase in velocity can give rise to a 
boost in the relative permeability of gas, which is consistent with recent finding, showing that by 
keeping the flow regime as single-phase flow rather than alternating two-phase flow can enhance 
the gas production efficiency (Gerami et al., 2016). This is also the case for the invading phase in 
the following scenarios. 
4.4.2.2 Gas-wet scenario 
Coal can also be gas-wet under high pressure and high temperature conditions (Siemons et al., 
2006), the gas-drive-water cases were also investigated under the gas-wet condition. The potential 
coal fines and fluid phases at the end of simulations are presented in Figure 4-14. 
 
Figure 4-14. Simulation results showing the gas-wet gas-drive-water scenario and potential coal 
fines generation (In coal matrices, black represents potential coal fines; in the cleats, red means gas 
phase while blue indicates water phase). 
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It can be seen that the residual water was drop-like rather than film-like. The percentage of trapped 
water was less than that for the water-wet scenario (e.g. Model 2), no bypassing trap was observed. 
This is because that the wetting phase can invade into the microstructures more easily than the non-
wetting phase (Abdallah et al., 2007). However, results show that the permanent entrapment of 
water still happened in dead-end fractures. Regarding the failed areas, more coal fines were 
generated compared to the water-wet cases, even local collapses took place, due to abrupt pressure 
change induced by cleat micro-roughness. Greater pressure variations than the water-wet scenarios 
were obtained, ranging from 89 kPa to 108 kPa for different models. This explains the reason for 
generating more coal fines. The amount of potential coal fines for each model was 3488.5 μm2, 
301.29 μm2, 334.97 μm2 and 903.93 μm2, respectively. 
4.4.3 Coal fines generation in two-phase flow (water-drive-gas) 
Compared to the gas-drive-water scenario, the water-drive-gas scenario often occurs in well testing 
process (Regime 3 in Figure 4-1), which may contribute to coal fines generation as well. Its 
occurrence is not as frequent as the gas-drive-water scenario, but still worth investigating to 
comprehensively understand the reservoir behaviours at different stages.  
4.4.3.1 Water-wet scenario  
Figure 4-15 demonstrates the corresponding simulation results for each model when the coal is 
water-wet. Results show that coal fines can be found at the same regions with the water-wet gas-
drive-water scenario. The estimated amount of coal fines for each model was 317.09 μm2, 
24.02 μm2, 5.32 μm2 and 101.04 μm2, respectively. The majority of the gas phase was eventually 
displaced. 
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Figure 4-15. Simulation results showing the water-wet water-drive-gas scenario and potential coal 
fines generation (In coal matrices, black represents potential coal fines; in the cleats, red means gas 
phase while blue indicates water phase). 
4.4.3.2 Gas-wet scenario 
When coal is gas-wet, the water-drive-gas situations become similar to the water-wet gas-drive-
water scenarios, as shown in Figure 4-16. Comparable amount of coal fines was generated with the 
water-wet gas-drive-water cases (207.16 μm2, 8.79 μm2, 1.43 μm2 and 64.2 μm2, respectively for 
Models 1 to 4). Apart from the bypassing trapping mechanism occurred in Model 2, the snap-off 
trapping was observed in Model 1, due to the existence of pore throats highlighted in Figure 4-16 
(Stegemeier, 1977). These two trapping mechanisms exhibited high entrapment percentage of the 
gas phase, which is unfavorable for CSG production. 
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Figure 4-16. Simulation results showing the gas-wet water-drive-gas scenario and potential coal 
fines generation of four models (In coal matrices, black represents potential coal fines; in the cleats, 
red means gas phase while blue indicates water phase). 
4.4.4 Coal fines production for different flow regimes 
Based on the simulation results, using the non-wetting phase to displace the wetting phase 
contributed to more residual displaced phase, which is unfavourable with regard to gas recovery. 
This is attributed to the affinity of the wetting phase for coal material, making the wetting phase 
forms thin films adhered to cleat surfaces. 
For the studied circumstances with different flow regimes, the potential coal fines were summarised 
in Figure 4-17. Please be noted that the production (μm2) was plotted on a log scale. 
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Figure 4-17. Coal fines production for different flow regimes. ‘W/G’ represents water-drive-gas 
while ‘G/W’ means gas-drive-water. 
The cleat geometry, flow regime and wettability of coal have significant impact on coal fines 
generation amount. Given that the study was conducted at a micro-scale, one or two large micro-
structures can contribute to an enormous area for potential coal fines. This is the case for Model 1 
(e.g. Figure 4-6 (c) and (d)), which created the most coal fines among the four models, because its 
micro-structures are larger in size and the aperture of the flow path varies more significantly. 
Regarding the flow regime and wettability of coal, it can be seen more coal fines were generated 
under two-phase flow condition compared with single-phase flow condition, indicating that special 
attention should be paid to late dewatering and early production phases, when the two-phase flow 
starts to occur in CSG reservoirs. This is consistent with the field observations from Wei et al. 
(2013), when two-phase flow in early production stage produced more coal fines. It is further noted 
that the gas-wet gas-drive-water scenario produced more coal fines (more than one order of 
magnitude) than other cases. The other three two-phase flow scenarios shared comparable amount 
of coal fines. The possible reason is that the displaced phase was with higher viscosity and lower 
wetting affinity, therefore greater pressure was required to initiate the flow due to larger resistance, 
which generated more coal fines. Since the gas-drive-water scenario occupies the most production 
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time of a well, by keeping or altering the wettability of coal to water-wet, the potential coal fines 
generation can be significantly reduced. As aforementioned, by adding some chemicals to the 
reservoir fluid to gain a higher pH value can enhance the hydrophilicity of the coal (Chaturvedi, 
2006). 
In order to generalize the findings about coal fines generation at the micro-scale, dimensional 
analysis was performed based on the above results. 
4.5 Dimensional Analysis 
Dimensional analysis is the analysis of the relationships among various physical parameters by 
identifying their fundamental dimensions (such as length, mass and time). It can reduce the number 
of independent parameters involved in a problem to several dimensionless groups, thus reducing the 
difficulty in understanding a particular issue. These groups are often the ratios of different physical 
scales, thereby, insights can be gained by studying the parametric dependence of the problem in 
light of the physical interpretation. Moreover, it can assist in the upscaling and similarity analysis of 
a phenomenon (Barenblatt, 1987). Thus, in this work the dimensional analysis was conducted to 
better understand the generation process of coal fines under two-phase flow condition. The results 
from the dimensional analysis can assist in predicting coal fines production at the lab and even the 
reservoir scale. 
4.5.1 Derivation of dimensional analysis 
The Buckingham Pi Theorem was employed to perform the dimensional analysis (Buckingham, 
1914). In order to describe the phenomenon of coal fines generation in two-phase flow, 6 physical 
quantities were selected, including the indicator (B) of whether coal fines will be generated (“1” 
represents potential coal fines while “0” implies stable areas); the local pressure drop (Δp); the local 
velocity (u); the interfacial tension coefficient (σ) between the two fluids; and the viscosity (μ) and 
density (ρ) of the invading fluid. Then the relationship can be written as: 
 1( , , , , )B f p u       (4-18) 
There are 6 physical variables, and 3 independent physical units (length, mass and time), therefore, 
3 dimensionless groups can be summarised, given that Δp, u and σ were selected to be the 
repeatable variables: 
 1 1 1
1
a b cB p u       (4-19) 
 2 2 2
2
a b cp u        (4-20) 
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 3 3 3
3
a b c
p u        (4-21) 
Substituting the basic units to make each group dimensionless, they can be transformed into: 
 1 B    (4-22) 
 
2
u
Ca




    (4-23) 
 
2
3
1u
p Eu



 

  (4-24) 
It is noticed that π2 is the Capillary number (Ca) and the reciprocal of π3 is the Euler number (Eu): 
 
1
3 2
p
Eu
u


  

  (4-25) 
Therefore, relationship among the dimensionless groups can be obtained: 
 
1
2 2, 3 2( ) ( , )B f f Ca Eu 
    (4-26) 
Ca is the ratio between the viscous drag force and the capillary force; while Eu is the ratio between 
the pressure force and the inertial force, which characterises the losses in the fluid flow. It indicates 
that whether or not a micro-structure fails is determined by Ca and Eu of the two-phase flow system. 
In order to explore the relation among them, the local simulation results were collected 
corresponding to the micro-structures illustrated in the insets in Figure 4-6, Figure 4-8, Figure 4-10 
and Figure 4-12, some sample data were listed in Table 4-3. The data points were selected around 
the local micro-structures for a period of time when the interface passed by, spanning several 
simulation time steps. To be more specific, the local pressure drop was calculated in front of and 
behind the micro-structure, and the local velocity was evaluated in front of the obstruction with an 
offset distance of 0.5 μm, which was representative of the local mean velocity that caused drag. The 
shear stress, shear strength and the tensile stress were acquired at the corners of the micro-structures 
where failures initiated. Please note that tensile failure initiated from the side against the flow 
direction (Front side); while shear failure started from the other side of the micro-structures (Back 
side). 
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Table 4-3. Sample data of local numerical results in the water-wet gas-drive-water scenario for each 
model 
 
t (10-
4 s) 
u (10-
2 m/s) 
Δp 
(Pa) 
Log(Ca) Log(Eu) 
τstress 
(Pa) 
τstrength 
(Pa) 
σstress 
(Pa) 
σstrength 
(Pa) 
B 
Model 1 
(a) 
0.2 3.32 2605 -5.45 6.55 9833.8 36079 -48236 92400 0 
 0.6 7.92 3261 -5.07 5.90 9592 39174 -39613 92400 0 
 1.0 15.5 10499 -4.78 5.82 19105 27355 9229 92400 0 
 1.4 1.27 31272 -5.87 8.47 47909 7634.6 132350 92400 1 
 1.8 0.29 43455 -6.50 9.88 58689 3325.3 120780 92400 1 
 2.2 0.17 35703 -6.74 10.26 43761 13655 32503 92400 1 
 2.6 0.09 23154 -7.00 10.60 25388 24102 -41083 92400 1 
 3.0 0.10 11765 -6.95 10.22 12487 30794 -64123 92400 0 
 3.4 0.11 2459 -6.93 9.49 6133.8 41341 -73700 92400 0 
 3.8 0.12 2399 -6.91 9.44 6077.1 41496 -73546 92400 0 
Model 2 
(a) 
0.2 0.57 24614 -6.22 9.06 32248 48560 90018 92400 0 
 0.6 0.78 32154 -6.08 8.90 42552 38250 134010 92400 1 
 1.0 1.61 34834 -5.76 8.31 42105 32358 111420 92400 1 
 1.4 0.43 4475 -6.34 8.57 7799.2 41923 3468.5 92400 0 
 1.8 0.99 1209 -5.97 7.27 4454.7 49900 -20338 92400 0 
 2.2 2.30 5631 -5.61 7.21 10843 44141 -1574 92400 0 
 2.6 1.39 7053 -5.83 7.74 19232 44595 17248 92400 0 
 3.0 2.35 11712 -5.60 7.51 27997 41956 50158 92400 0 
 3.4 4.15 16832 -5.35 7.17 34160 39265 79251 92400 0 
Model 3 
(b) 
16.2 9.62 1743 -4.99 5.46 4080.9 31693 -45155 92400 0 
 16.4 11.7 5720 -4.90 5.80 5492.4 27302 -48363 92400 0 
 16.6 28.5 20191 -4.51 5.57 15763 6456.1 -53180 92400 1 
 16.8 10.9 10425 -4.93 6.12 10533 14886 -55830 92400 0 
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 17.0 7.59 592 -5.09 5.19 5141.6 24842 -59773 92400 0 
 17.2 2.33 7850 -5.60 7.34 7532.7 30390 -64652 92400 0 
Model 4 
(d) 
3.0 0.26 3052 -6.55 8.83 7089 31574 18679 92400 0 
 3.2 0.27 3198 -6.53 8.81 7640.2 29238 23367 92400 0 
 3.4 0.36 15898 -6.42 9.28 22353 21517 140030 92400 1 
 3.6 0.07 2017 -7.13 9.81 3637.7 38339 4320.5 92400 0 
 3.8 0.56 3186 -6.22 8.19 3508.1 41084 17622 92400 0 
 4.0 0.79 2540 -6.07 7.79 2557.7 42455 9756.1 92400 0 
 
4.5.2 Discussion 
Based on the data from the simulation results of all models, the shear stress and shear strength of 
the micro-structures, and the tensile stress and tensile strength (92.4 kPa) were plotted as a function 
of log(Eu) and log(Ca), respectively, as shown in Figure 4-18 and Figure 4-19. It should be noted 
that when the “stress plane” lies above the “strength plane”, the micro-structures will experience 
failure, therefore, the intersection lines between the planes distinguish the status from “Stable” to 
“Failed”. It can be seen from both figures that higher Ca and Eu are more likely to induce both 
shear failure and tensile failure to specific micro-structures. Therefore, the viscous force and the 
pressure difference play a more significant roles in the coal fines generation process. 
 
Figure 4-18. Shear stress and strength planes as a function of log(Ca) and log(Eu). 
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Figure 4-19. Tensile stress and strength planes as a function of log(Ca) and log(Eu). 
Linear regression was performed on the intersection lines to obtain the failure trend lines for both 
failure mechanisms. These lines offer important information for the determination of coal fines 
breakage and its mechanism, as demonstrated in Figure 4-20. The trend line for tensile failure (in 
red colour) lies above the blue trend line for shear failure, representing tensile failure requires even 
higher Ca and Eu compared with shear failure. 
 
Figure 4-20. The map of failure zones as a function of log(Ca) and log(Eu), with an example from 
Model 1 (a) shown in yellow dashed line. 
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The failure trend lines separate the distribution of log(Ca) and log(Eu) into three zones (Figure 
4-19):  
(1) Stable zone: micro-structures along coal cleats are stable, little coal fines will be generated;  
(2) Shear failure zone: only shear failure will happen, and the failure initiates from the back corner 
of micro-structures, propagating towards the front side of the micro-structures if pressure difference 
increases;  
(3) Shear-tensile failure zone: both shear failure and tensile failure occur, but shear failure starts 
from the back corner, while tensile failure begins from the front corner, and they propagate towards 
each other and finally the failure zones get connected given sufficient differential pressure over the 
micro-structure.  
Take Model 1 (a) as an example, the yellow dashed line with arrows in Figure 4-20 depicts the 
typical transition path of a coal fine particle in response to the dynamic flow. Initially, the interface 
was away from the micro-structure, which was stable, located at Zone (1); as the interface moved 
forwards, shear failure occurred, and the combination of log(Ca) and log(Eu) lay in Zone (2); then, 
the interface advanced further, resulting in propagation of shear failure; finally, tensile failure also 
took place, with the propagation of shear failure, at that time, log(Ca) and log(Eu) located in 
Zone (3); after the interface passed by, no significant differential pressure was observed over the 
micro-structure, and the combination of the two dimensionless numbers went back to Zone (1). It 
should be noted that the illustration in Figure 4-21 is for the purpose of demonstrating the transition 
process to better explain the map of failure zones plotted in Figure 4-20. In reality, micro-structures 
that become coal fines will not return to “Stable” status, even if the failure criterion is not satisfied 
any more. Therefore, when the estimation of potential coal fines was performed, it was the 
integration of instable area that ever failed (Figure 4-17). 
 
Figure 4-21. Transition among different failure zones shown in Figure 4-19 based on the micro-
structure of Model 1 (a). 
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Furthermore, the dimensional analysis offers useful indications and suggestions in relation to the 
mitigation strategies of the coal fines issue. The numerical results indicate that by properly 
changing the fluid properties and flow controls, coal fines generation can be reduced. On the one 
hand, drop in the surface tension coefficient contributes to a greater Ca, weakening the effect of the 
capillary force, which in turn reduces coal fines generation. One way to reduce the surface tension 
coefficient is to heat up coal seams via water steams. However, higher temperature also reduces the 
dynamic viscosity of the invading phase, which counteracts the effect of a smaller surface tension 
coefficient (Murshed et al., 2008). An alternative way is to add surfactant to alter the surface 
tension coefficient between water and gas without varying the ambient temperature (Ogino et al., 
1990). On the other hand, with regard to Eu, given that the local pressure difference plays a much 
more significant role than the local velocity, reducing production pressure drawdown by regulating 
the water level in the well and the pumping pressure can be a sound mitigation strategy to the coal 
fines issue. 
In the two-phase flow cases, coal fines were not considerably produced until the interface passed by. 
The interface was not only the boundary of the two phases, but also the separation of high and low 
pressures. Well shut-in will give rise to the change of flow regime in coal seams, creating 
substantial pressure fluctuations. Therefore, avoiding frequent well shut-in can reduce coal fines 
production. Moreover, coal fines production can be also better controlled if the production pressure 
drawdown is kept at a rather stable level to refrain from creating massive pressure surge.  
In addition to predict coal fines issue, Ca is another way to estimate the trapping phenomenon. 
Lower Ca tends to retain more displaced phase, leaving higher residual saturation (Shah, 1981). For 
example, in Fig. 6(c) and (e), Fig. 10(e) and Fig. 12(d), the dead-end micro-fractures, where 
permanent trapping occurred, retarded the flow dramatically, resulting in small Ca values. 
4.6 Conclusions and future work 
In this work, a fully coupled numerical model was developed, integrating the single-phase or two-
phase flow phenomena and the generation of coal fines. Four flow regimes including water flow, 
gas flow, gas-drive-water and water-drive-gas (both water-wet and gas-wet) situations were taken 
into account. The evaluation of coal fines generation and a new criterion for determining its 
generation was conducted. According to the simulation results, the following conclusions can be 
drawn: 
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(1) The amount of potential coal fines was almost the same for single-phase water flow and gas 
flow. Two-phase flow generated much more coal fines compared with single-phase flow 
condition.  
(2) During two-phase flow stage, the wettability of coal has a significant impact on coal fines 
generation. Among the flow regimes examined in this research, the gas-wet gas-drive-water 
scenario produced the most coal fines. The amount of potential coal fines is also strongly related 
to cleat geometry. Coal fines were mainly created around the regions where abrupt reduction in 
cleat aperture occurred and/or the displaced phase was trapped, due to significant pressure 
differences. 
(3) According to the dimensional analysis, coal fines generation is related to the Capillary number 
(Ca) and the Euler number (Eu). Based on a certain combination of Ca and Eu, a new trend that 
can be used to predict the breakage of coal fine particles has been developed. This trend can also 
be used to determine the failure mechanisms of coal fines. It is suggested that greater Ca and Eu 
are more likely to introduce coal fines issue. 
(4) Results indicate that mitigation strategies, such as changing the wettability of coal, adding 
surfactant and reducing production pressure drawdown, can be implemented to alleviate the coal 
fines issue. Results also show that the change of flow regime will induce considerable pressure 
fluctuations, which will generate substantial coal fines. Therefore, avoiding frequent well shut-
in can reduce coal fines production. 
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Chapter 5 Experimental study on coal fines induced permeability 
change 
5.1 Introduction 
Coal fines are produced from coal seam gas (CSG) reservoirs throughout the CSG production 
process. The size of coal fines collected in CSG wells varies from a few nanometres diameter to 
hundreds of microns. These fines have detrimental impacts on CSG production, such as formation 
damage and pump failures (Marcinew and Hinkel, 1990; Nimerick et al., 1990). A small portion of 
coal fines naturally exists in virgin coal cleats; while a large portion is generated mainly by fluid 
flushing and pressure disturbance (Yao et al., 2016). During the CSG production process, when 
different flow regimes take place (e.g. single-phase flow and two-phase flow) (Bai et al., 2017a), 
coal fines may plug coal cleats and/or deposit in cleats during the migration process, deteriorating 
coal permeability. This results in significant drop in the gas productivity (Magill et al., 2010; 
Palmer et al., 2005). In addition, coal fines can migrate towards a CSG well, burying the downhole 
pumps, after which workovers will be required to resume the production process (Black, 2011; 
Okotie and Moore, 2010). Appropriate production strategies can alleviate the coal fines induced 
problems according to different reservoir conditions. 
Mathematical models using force and stress balance analysis have been used in several studies 
(Bedrikovetsky et al., 2011a; Khilar and Fogler, 1998b; Moore et al., 2011) to predict coal fines 
generation and attempt to identify the factors that influence fines generation. The two forces 
considered as the main causes for coal fines breakage and migration in coal cleats are the 
hydrodynamic forces and the colloidal forces. Coal fines start to detach from coal cleats as the 
hydrodynamic force exceeds the colloidal force (Bedrikovetsky et al., 2011a; Khilar and Fogler, 
1998b). The particle rotation effect is taken into account in the force balance model (Bedrikovetsky 
et al., 2011a). However, the rotation effect can be neglected given the small sizes of coal fines (less 
than 100 μm). Instead, the stress analysis suggests that both shear failure (Palmer et al., 2005) and 
tensile failure (Moore et al., 2011) are possible failure mechanisms when the stress balance is 
breached. 
In our previous paper (2015), we numerically simulated coal fines generation during the dewatering 
phase. The results reveal that coal fines start to be generated as the pressure gradient reaches a 
critical value, which is dependent on cleat geometries. More coal fines are generated as the pressure 
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gradient increased. We also conducted two-phase flow simulations (Bai et al., 2016; Bai et al., 
2017a). We find that two-phase flow generates more coal fines compared to single-phase flow. It is 
suggested that in order to reduce coal fines production, frequently well shut-in should be avoided. 
Although the generation of coal fines has been linked to different cleat geometries, the permeability 
evolution associated with coal fines generation remains poorly understood. 
Gash (1991) experimentally tested core flooding behaviours to evaluate the impact of coal fines on 
permeability, and confirmed the formation damage was due to coal fines migration, because he 
observed the permeability recovery when the flow direction was reversed. Yao et al. (2016) used 
reconstituted coal samples to investigate the effect of tectonically deformed coal types on the 
characteristics of coal fines generation. They suggest that granulated coal is more sensitive to flow 
velocity and reservoir effective stress than the undeformed coal, but the permeability variations 
were not measured in their experiments. Wei et al. (2015) experimentally demonstrated the critical 
flux for coal fines generation, and proposed a maximum water production for a particular CSG well. 
Guo et al. (2015b, 2016) conducted a series of core flooding tests using water to quantify the 
permeability variations caused by coal fines production. They conclude that the variation of 
permeability generally matches with the trend of coal fines production (i.e. more significant 
permeability drop corresponding to more coal fines production), and the permeability decreases 
continuously. 
From the field trials from 12 CSG wells, Zhao et al. (2016) observed that coal fines emerged during 
the water production stage ranged from 10 μm to 100 μm, and higher water flow rate led to more 
severe damage to CSG reservoirs. Wei et al. (2013) further investigated the characteristics of coal 
fines production in a gas field in China. From the samples collected from the CSG wells at different 
production stages, they found that the size of coal fines was greater during the dewatering of coal 
seams, and the coal fines production was higher for both dewatering and initial production (two-
phase flow) phases. In these field trials, the permeability of the coal seams has not been quantified 
to correspond to the coal fines behaviours. 
The impact of production parameters (e.g. water flow velocity and production pressure) on coal 
fines generation and permeability has been reported by researchers. However, the relationship 
between the characteristics of coal fines behaviours and permeability variations for different CSG 
production scenarios has not been comprehensively investigated. This relationship offers a vital 
knowledge for addressing the coal fines issues. Besides, the effects of gravity and cleat structure on 
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such relationship have not been accounted for in previous research.  
In this study, laboratory experiments will be performed using two samples to examine coal 
permeability changes due to coal fines generation and migration at various production scenarios, 
including single-phase flow, two-phase flow and well shut-in. The correlation between the 
characteristics of coal fines and permeability variations will be established and the implications for 
managing coal fines challenges in the field will be discussed in detail. The effects of gravity and 
cleat structure on the fines-permeability relationship will also be investigated. 
5.2 Experimental methodology 
5.2.1 Sample preparation 
Two 3 cm cubes were cut from a piece of coal collected from a coal mine in the Bowen Basin 
(Australia), as shown in Figure 5-1 (a). The contact angles measured with water on the two coal 
samples using a Sessile Drop experiment were 116° and 109°, which suggests these coals tend to 
segregate from water (i.e. hydrophobic). Each coal sample was cast in a cylinder of resin to 
simulate constrained reservoir boundary conditions (Figure 5-1 (b)). Resin fluid distributors with 
the same cross-sectional size as the cubic sample were made and placed at each end of the samples 
and a 1/4" tube was embedded directly in each distributor to serve as the fluid conduit. Any small 
gaps between the cubic sample and the fluid distributors were sealed laterally to prevent leakage. 
The coal cubes were orientated with the bedding planes parallel to the fluid conduits so that the 
flow direction was most closely aligned to the face cleats. 
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Figure 5-1. (a) The coal sample and (b) the resin coated sample. 
5.2.2 Sample characterization 
The sample characterization includes Scanning Electron Microscopy (SEM) to visualize the 
cleating system; X-ray Diffraction (XRD) to examine the mineral contents; Mercury Intrusion 
Porosimetry (MIP) to quantify the initial porosity; and flooding test to obtain the initial 
permeability. The former three types of characterization were obtained using the debris from the 
two coal samples. Since the debris came off from different spots of the samples, we would say the 
characterization obtained was representative of the whole samples. 
The JEOL 7800 SEM was used to take images focusing on the cleat aperture and connectivity for 
both coal samples. We looked at three fragments from each coal sample, and all of them exhibited 
similar characteristics for each sample. Therefore, we chose one from them to illustrate the 
representative characteristics, as shown in Figure 5-2 and Figure 5-3. Figure 5-2 (a) and Figure 
5-3 (a) show a typical face cleat in Sample 1 and Sample 2, respectively. Both face cleats are 
continuous, but the one in Sample 2 is more tortuous. Figure 5-2 (b) and Figure 5-3 (b) better 
demonstrate the connectivity of coal cleats, and the butt cleats in Sample 2 are better developed and 
connected with each other. When it comes down to a higher resolution, it can be seen that the 
aperture of the face cleat is wider in Sample 2 (14 μm) compared with that in Sample 1 (7 μm). The 
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characteristics of the coal cleats in both samples are summarised in Table 5-1. 
 1 
Figure 5-2. SEM images for Sample 1. 2 
 3 
Figure 5-3. SEM images for Sample 2. 4 
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Table 5-1. Qualitative comparison of coal cleats for both coal samples from the Bowen Basin. 
 Sample 1 Sample 2 
Tortuosity Flat Tortuous 
Connectivity Poor Good 
Aperture Narrow Wide 
 
The X-ray Powder Diffraction (XRD) tests were performed using the Bruker D8 Advance Powder 
X-ray diffractometer, and the results are demonstrated in Figure 5-4. It can be seen that the two coal 
samples possesses similar mineral contents, which mainly includes kaolinite, with some quartz. Few 
swelling minerals present in the coal samples, hence the swelling effect on coal permeability can be 
neglected. 
 
Figure 5-4. XRD test results of both coal samples. 
The initial porosity of the samples was evaluated by Mercury Intrusion Porosimetry (MIP) using the 
Micromeritics AutoPore IV9520, and the initial permeability was obtained at the beginning of the 
flow tests. The tested values are listed in Table 5-2. The MIP curves are plotted in Figure 5-5. In 
order to correspond to the size of coal fines, which will be displayed afterwards, the pore size 
distribution analysis was focused on the zone of interest (0.6 μm to 14 μm). There are more pores 
and fractures in Sample 2 for the majority of the size range, and this is the case in the zone of 
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interest, which confirms the observations in the SEM images. The initial porosity and permeability 
of the samples coincide with the characterization of the cleats (Table 5-1). To be more specific, 
better connected and wider cleats give rise to higher initial porosity and permeability. 
 
Table 5-2. Initial porosity and permeability of both coal samples. 
 Sample 1 Sample 2 
Initial porosity (%) 4.73 9.08 
Initial permeability (mD) 0.005 0.048 
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Figure 5-5. MIP curves for both samples (a) pore size distribution from 0.01 μm to 100 μm; and (b) 
pore size distribution in the zone of interest (0.6 μm to 14 μm). 
5.2.3 Core flooding rig 
The ISCO 500D syringe pump was used to inject water and helium vertically through the assembled 
samples at constant differential pressures (i.e.  is constant, where P1 is the inlet 
pressure and P2 is the outlet pressure). The outlet was open to the atmosphere. No external 
confining stress was applied to the samples. The fluid flow rate and pump pressure were logged, 
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and used to calculate the change in permeability. 
The permeability of water and gas were calculated using Eq (5-1) and Eq (5-2), respectively, based 
on Darcy’s Law (Fu et al., 2009; Wei et al., 2015): 
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where kw and kg are the permeabilities for water and gas, respectively. Q is the flow rate. μw and μg 
are the viscosities of water and gas, respectively. L is the length and A is the cross-sectional area of 
the sample. P0 is atmospheric pressure. 
5.2.4 Experiment scenarios 
The experiment scenarios are illustrated in Figure 5-6. For both coal samples, initially, distilled 
water was used as the injection fluid to simulate the dewatering process. An initial pressure 
difference of 0.5 MPa was applied to Sample 1, however, there was no effluent collected from the 
outlet. The differential pressure was gradually raised with a step of 0.1 MPa until 0.8 MPa, when 
the sample was penetrated by water flow. In order to maintain the same pressure constrained 
condition, the starting point for Sample 2 was set to 0.8 MPa as well. With the starting point of 0.8 
MPa, it was increased by 0.1 MPa at each step until the pressure difference reached 1.5 MPa, and 
the change in pressure difference aims to examine its impact on coal fines production and 
corresponding permeability variations. Then helium gas was introduced to mimic gas-drive-water 
two-phase flow scenario in CSG reservoirs. In order to initiate the two-phase flow, the pressure 
difference was set as 1.1 MPa with an increment of 0.1 MPa at each time till 1.3 MPa.  
In addition to the above scenarios, some more cases were conducted on Sample 2, including water-
drive-gas two-phase flow, horizontal water flooding (to investigate the gravitational effect on coal 
fines behaviours) and backflow test (to prove coal fines behaviours are the cause for permeability 
change). Please be noted that for 1.3 MPa, 1.4 MPa and 1.5 MPa of water flooding, the experiment 
was paused for 15 h between two effluent samples were collected at one pressure, before 
proceeding to the next injection scenario in order to evaluate the impact of well shut-in on coal fines 
production. 
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Figure 5-6. Injection scenarios for both coal samples. Note: solid and dash lines indicate the sample 
was vertically and horizontally placed, respectively. 
During the measurements, the effluent from the sample was collected continuously, and the particle 
size distribution of fines in every 5 mL collected was analysed in the MultisizerTM 4 Particle 
Analyser (Coulter Counter). Three particle size distribution analyses were measured on each sample 
to test at least 100,000 particles, and the mean particle size distribution was computed from the 
three runs, after subtraction of the background particle count measured in the injection water. 
5.3 Results and discussion 
In this section, three key aspects will be discussed, namely the volume of the produced coal fines, 
the distribution of the size of coal fines, and the permeability evolution induced by coal fines 
generation and migration. 
5.3.1 Volume of coal fines 
The total volume of coal fines production for every mL effluent for both coal samples was 
estimated and plotted in Figure 5-7. 
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Figure 5-7. Incremental coal fines production for each scenario of both samples. In the legend, 
“0.8 MPa” represents the pressure difference, “after gas” means water was re-injected after gas 
flooding, “flat” means that the sample was placed horizontally instead of vertically, and “backflow” 
indicates that the flow direction was reversed. The same convention applies for other figures of this 
work. 
Sample 1 witnessed the peak yield of coal fines at 0.8 MPa, with the coal fines output at a 
comparable level for other subsequent scenarios. Since the coal fines production was high at the 
very first run (0.8 MPa), it can be deduced that such pressure different enable the sample to offer 
clear migration pathways for coal fines. Whereas coal fines did not gain flow paths for Sample 2 
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until the differential pressure reached 1.0 MPa, since the volume of coal fines in the effluent before 
1.0 MPa was similar to that of the injection water. It can be inferred that there exists a threshold 
pressure, above which the passages for coal fines will be established. To be more specific, Sample 1 
possesses a threshold pressure below 0.8 MPa; while the threshold for Sample 2 is around 1.0 MPa. 
The reason for a higher threshold for Sample 2 is the tortuosity of the cleats. Greater tortuosity 
makes it more difficult for the coal fines to mobilise, therefore, a higher pressure is required for 
breakthrough. In addition, the outputs of coal fines from Sample 2 vary significantly during water 
flooding under various differential pressures, as illustrated in Figure 5-7. The volume of coal fines 
produced from Sample 2 was almost an order of magnitude greater than that of Sample 1. This is 
consistent with the finding from Chapter 3, which is the more tortuous cleat geometry, the more 
coal fines production. 
Bagnold (1936) suggested that the mass transport of particles is proportional to the third power of 
the velocity, therefore, the relationship between the coal fines volumetric concentration and the 
third power of the absolute flow velocity during Stage 1 of the water injection was plotted in Figure 
5-8. The trend confirmed Bagnold’s finding, which means the coal fines production is proportional 
to the third power of the flow velocity (the results are not representative if clear flow paths for coal 
fines are not well established, thus, the 0.8 MPa and 0.9 MPa scenarios for Sample 2 were not 
accounted for when fitting the curve). The intersection of the fitted line and x-axis can be regarded 
as the third power of the critical velocity, which indicates that below the critical velocity, little coal 
fines would be produced (the red dot in Figure 5-8). For these two samples, the predicted critical 
velocities were 0.82 μm/s and 5.49 μm/s, respectively. The following equations were employed to 
obtain the absolute flow velocity (Chen et al., 2010): 
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where k and ϕ represent permeability and porosity of the coal sample, the subscription 0 indicates 
the initial status, and v is the absolute velocity. 
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Figure 5-8. Proportional relationship between the coal fines volumetric concentration and flow 
velocity. 
After Sample 2 being flooded by gas, water was then injected to displace gas to simulate the water-
drive-gas two-phase flow scenario. Figure 5-7 reveals that more coal fines are yielded under the 
two-phase flow conditions, as indicated by the red arrow. The possible reason is that a higher 
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localised pressure gradient (resulted by local pressure build-up) (Bai et al., 2016) is required to 
overcome the capillary pressure to enable the breakthrough of two-phase flow, consequently more 
coal fines are created. When Sample 2 was laid down horizontally, less fines output was observed 
compared with that from the vertical position. Since the flow direction was parallel to the face 
cleats, and due to the gravitational effect, the coal sample when being placed horizontally is more 
prone to coal fines settlement issue. Therefore, a certain amount of coal fines is more likely to be 
retained inside the coal sample, yielding less fines production. Speaking of the backflow scenario 
(still in horizontal position), the originally stuck coal fines can be flushed away when the flow 
direction was reversed, contributing to more fines production (approximately 1×106 μm3/mL) than 
the previous flat scenarios (0.35×106 μm3/mL), as shown in Figure 5-7. 
Furthermore, a comparison between the two samples suggested that coal with higher initial 
permeability tended to yield more coal fines, because under the same pressure difference, greater 
permeability gave rise to higher flow velocity. 
5.3.2 Coal fines particle size distribution 
The particle size distribution of coal fines was measured for the effluents collected from each 
differential pressure using Coulter Counter. The cumulative percentage of volume for each pressure 
step was plotted as a function of particle size distribution in Figure 5-9. Please note that the x-axis is 
on log scale. 
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Figure 5-9. Particle size distribution of coal fines for various pressure differences. 
 
For both samples, the sizes of the coal fine particles mainly range from 1 μm to 14 μm. The value of 
cumulative percentage of volume increases more rapidly for most curves at lower range, and 
gradually levels off with increasing particle sizes. This can be explained by (1) smaller coal fines 
require lower flow velocity to be mobilised, and can be flushed out of the sample more easily 
compared with larger fines; and (2) the cleat aperture limits the size of coal fines that can pass 
through these channels. In this study, the particle size at which the curvature experienced sudden 
change (i.e. the slope of the curve became less than 30) was defined as the critical particle size. No 
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clear correlation between critical particle size and differential pressure was found, as illustrated in 
Figure 5-10. A comparison between the total volume (Figure 5-7) and critical particle size (Figure 
5-10) of the coal fines exhibits a similar trend. For example, they share the same peak points at 
certain pressure difference and similar fluctuation tendency for other data points, which verifies that 
the critical size is representative in terms of coal fines evaluation. 
 
Figure 5-10. Critical particle size of coal fines for (a) Sample 1 and (b) Sample 2. 
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5.3.3 Permeability evolution 
The evolutions of coal permeability for both samples are illustrated in Figure 5-11 and Figure 5-12, 
respectively. 
 
Figure 5-11. Permeability evolution under different injection scenarios for Sample 1 (k0=0.005 mD). 
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Figure 5-12. Permeability evolution under different injection scenarios for Sample 2 (k0=0.048 mD). 
It can be seen that for both coal samples, during the water flooding process, the permeability 
dropped significantly (by 60.9% and 85%, respectively for Sample 1 and Sample 2 in the first 
50 hours), followed by gradually decline with time, even if the differential pressure was increased. 
The variations in coal permeability can be explained by the counteraction of four phenomena: (1) 
the deposition and/or plugging of coal fines in cleats, damaging the permeability (i.e. entrapped coal 
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fines); (2) the dilation of coal cleats by increased pore pressure (or decreased effective stress), 
resulting in permeability enhancement; (3) the discharge of coal fines widened the cleats, causing 
gradual permeability growth (i.e. coal fines production, data shown in Fig. 3); and (4) the 
unplugging, redistribution and/or recapture of coal fines due to local pressure build-up, contributing 
to permeability fluctuations. In phenomenon (1), the settlement of coal fines would lead to gradual 
permeability decline as a result of narrowed cleats (Pan and Connell, 2012), while the clogging 
would contribute to abrupt permeability deterioration due to closure of cleats.  
Sample 1 witnesses more dramatic permeability fluctuations than Sample 2 resulted by coal fines 
behaviours. The explanation is that Sample 1 has narrower cleats with less connectivity compared 
with Sample 2 as evidenced by the SEM images (Figure 5-2), therefore, more frequent entrapment, 
release and recapture of fines are expected (i.e. significant permeability fluctuations). On the other 
hand, more deposition and discharge of coal fines take place in wider and well-connect cleats (i.e. 
gradual permeability variations) (Civan, 2007a). As gas has less carrying capacity of coal fines than 
water (Lyons et al., 2009), during the gas flooding process, the aforementioned phenomena (1), (3) 
and (4) only made a little difference in permeability change, consequently, coal permeability 
increased with rising differential pressure, which was dominated by phenomenon (2). It is suggested 
that during the stable gas production and the decline stages (i.e. single-phase gas flow takes place in 
CSG reservoirs), the Bottom-Hole Pressure (BHP) can be lowered to improve the gas productivity 
by enhancing the production pressure drawdown without introducing the permeability damage by 
coal fines. 
Sample 2 produced greater coal fines, in terms of both volume and size. It also experienced more 
severe permeability damage during the same period. For instance, in the first 50 h, the permeability 
dropped by 60.9% and 85% respectively for Sample 1 and Sample 2, and in the first 100 h (shut-in 
periods for Sample 2 were accounted for), the permeability declined 79.1% and 88.2% for the two 
samples, respectively. However, in the CSG reservoirs, those with lower permeability are often 
facing with more severe coal fines problems. The possible reason is that the cleats in Sample 2 
(Figure 5-3a) are more tortuous than those in Sample 1 (Figure 5-2 (a)), and under the same 
pressure difference across the coal samples, more tortuous cleats generates localised pressure build-
up. This enables higher flow velocity, causing larger viscous force around coal fines surface, which 
consequently creates more and larger coal fines. 
Moreover, the impact of well shut-in on coal fines generation and migration was also simulated for 
Sample 2. A slight permeability loss was observed for every shut-in, which indicated that well shut-
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in has detrimental effects on coal permeability, as illustrated in the black dashed rectangle in Figure 
5-12. It is believed to be because the well shut-in provides sufficient time for coal fines to deposit, 
and the settled coal fines were more difficult to be remobilised than free fines, as it requires greater 
force to overcome the static inertial force (Khilar and Fogler, 1998b; Zou et al., 2014). For example, 
Figure 5-13 demonstrates that at 1.3 MPa, the two effluent samples from Sample 1 (collected 
consecutively without shut-in) coincide with each other quite well, which peak value at 1.2 μm. 
However, the peak of the particle size distribution from Sample 2 (with shut-in) shifts from 2.5 μm 
to 1.4 μm when analysing the second effluent, which indicates bigger coal fines are retained in the 
coal sample, deteriorating the permeability. In this concern, it can be inferred that larger coal fines 
settled down prior to smaller ones, and were more difficult to be removed when the flow was re-
established. This indicates that by avoiding frequent well shut-in, coal fines caused permeability 
loss can be minimized, which is consistent with our previous finding (Bai et al., 2016; Bai et al., 
2017a). 
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Figure 5-13. Particle size distribution of different effluent samples at 1.3 MPa. Note that “1” and 
“2” in the legend indicates the first and second effluent sample, respectively. 
When gas was first introduced to both coal samples after the “1.5 MPa water” injection scenario, a 
sudden drop in the effective permeability ratio (i.e. from 0.119 to 0.056 for Sample 1, and from 
0.121 to 0.048) is observed due to interfacial tension resulted capillary resistance related to gas-
drive-water two-phase flow, followed by effective permeability recovery after most water was 
expelled from the samples, as indicated by the red circles in Figure 5-11 and Figure 5-12. Such 
recovery is related to the increase of gas fraction in the samples, and the negligible movement of 
coal fines.  
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However, for the “1.5 MPa after gas” scenario of Sample 2, the permeability ratio dropped 
significantly (from 0.118 to 0.085) without noticeable bouncing back, as shown in the green circle 
in Figure 5-12. According to the coal fines production data indicated by the red arrow in Figure 5-7, 
the change of flow pattern from single-phase gas flow to water-drive-gas two-phase flow resulted in 
more coal fines generation, which in turn caused the permeability reduction. Since water-drive-gas 
two-phase flow normally occurs during production well shut-in, reducing the frequency of well 
shut-in can potentially minimize the coal fines induced permeability damage. Unlike the scenarios 
when coal sample is being vertically positioned, the permeability for the same sample when being 
the horizontally positioned stayed rather stable, which was corresponded to less coal fines 
production as shown in Figure 5-7. 
Regarding the scenarios after gas injection, by reducing the pressure difference, the permeability 
experienced step-like drop due to the reverse procedure of phenomenon (2), which was the closure 
of cleats. When the flow direction was reversed, a surge in permeability ratio is observed (from 
0.034 to 0.043), as indicated by the yellow arrow in Figure 5-12. This confirms that the 
permeability variations during the experiment are resulted by coal fines generation and migration. 
Although theoretically the discharge of coal fines from the coal samples can bring up the 
permeability, according to the coal fines production data and the permeability evolution, more 
volume of coal fines production did not necessarily result in permeability improvement; on the 
contrary, more fines output was often associated with permeability declines. This was because with 
more coal fines production, the phenomenon of fines entrapment was also a matter of concern, 
which took the dominant role as explained earlier in this section. 
5.4 Conclusions and Recommendations 
A self-designed core flooding experimental rig was built to examine the coal fines induced 
permeability variations. Two cubic coal samples were tested under different pressures and flow 
regimes and the corresponding analysis was conducted on coal fines production (total volume and 
particle size distribution) and the corresponding permeability variations. The following main 
conclusions were drawn: 
(1) Coal fines generation and migration are the dominant cause for the rapid reduction of coal 
permeability. The deposition and plugging of coal fines result in permeability loss; the removal 
of coal fines from the samples contributes to slight permeability enhancement; while the 
redistribution of coal fines give rise to permeability fluctuations. 
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(2) The coal fines volumetric production is proportional to the third power of flow velocity once the 
flow paths for coal fines are well established. The critical size coincides very well with the total 
volume of coal fines.  
(3) Primary water flushing witnesses the most severe permeability damage due to coal fines 
generation and migration, the transition from single-phase gas flow to water-drive-gas flow lead 
to abrupt permeability loss, and pauses in the experiments introduce permeability drop because 
of coal fines settlement. It was also observed that the coal fines behaviours become negligible in 
single-phase gas flow. 
(4) The coal sample with narrower and less connected cleating system causes more coal fines 
behaviours (i.e. entrapment, detachment and redistribution). This results in significant 
permeability fluctuations with general decreasing trend. Tortuosity of cleats can enhance the 
deterioration in permeability by coal fines behaviours. 
These experimental results suggest that surfactant can be added to the reservoir through fracturing 
fluids to disperse coal fines, which makes it easier for water to flush small coal fines out, alleviating 
deposition and clogging induced permeability drop. During the early dewatering stage, the BHP 
should be properly controlled to reduce the drop speed of the dynamic fluid level. On the contrary, 
during the stable gas production phase, when mainly single-phase gas flow takes place, the BHP 
can be lowered rapidly to achieve higher gas productivity. Moreover, refraining from frequent well 
shut-in can ease coal fines damage towards the permeability as well. 
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Chapter 6 Mathematical model development and bore-scale 
simulation of coal fines generation and migration 
6.1 Introduction 
Permeability directly affects CSG productivity (Chen et al., 2013). Apart from effective stress 
(Chen et al., 2015a; Paul and Chatterjee, 2011) and desorption (Chen et al., 2011; Espinoza et al., 
2015a), coal fines generation and migration also influences permeability to a significant amount 
(Guo et al., 2015b, 2016; Zeinijahromi et al., 2012). 
Investigations have been conducted into the permeability changes caused by formation fines in 
porous media (Khilar and Fogler, 1998b; Ranjith et al., 2013). Numerical simulations indicated that 
fines accumulation could result in 60-90% absolute permeability drop (Sato et al., 2013). Core 
flooding experimental investigations demonstrated the permeability changes were closely related to 
coal fines behaviours, and a mathematical model was developed based on the experimental results 
to explain the phenomenon for their specific case (Guo et al., 2016). 
Assuming the porous medium is with parallel fracturing systems, the permeability can then be 
computed using the cubic relationship with the system porosity. This is known as the Matchstick 
Model (Crandall et al., 2010; Reiss, 1980). The permeability changes due to coal fines behaviours 
can be categorised into three groups: erosion, surface deposition, and plugging and pore filling 
(Civan, 2007b). Although some researchers argued that fines erosion induced permeability 
enhancement could be neglected (Bedrikovetsky et al., 2011b; Zeinijahromi et al., 2011a), it is more 
commonly believed that the release of fines indeed gives rise to an improved permeability (Candela 
et al., 2014; Civan and Knapp, 1987; Sharma et al., 1992; Vardoulakis et al., 1996). Vardoulakis et 
al. (1996) developed a mathematical model that could be generally applied to porous media to 
explain how the porosity increases with fines erosion process. The porosity evolution is 
proportional to fines concentration and flow rate. Instead of considering the effect of fines erosion, 
Gruesbeck and Collins (1982b) established a mathematical model, which described the impact of 
fines deposition, including surface deposition, pore plugging and consequent pore filling, on the 
porosity of the porous system. In their study, such porosity alteration was assumed to be linearly 
related to fines concentration and flow velocity. It should be noted that once the flow velocity 
exceeded the critical velocity for fines mobilisation, the effect of fines movement on porosity was 
also considered. Both models (i.e. by Vardoulakis and by Gruesbeck and Collins) evaluated the 
permeability variations according to the porosity changes. However, the aforementioned influences 
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caused by fines behaviours have not been coupled to examine the combined effect. This leads to 
either overestimation or underestimation of the resultant permeability. 
Considerable amount of the numerical and experimental studies on coal fines generation and 
migration have shown that the permeability variations due to coal fines are case sensitive, but a 
general model to comprehensively describe such permeability alterations does not appear to be 
available. This chapter will focus on the establishment of such a model, and the implementation and 
verification of such model in bore-scale simulations. 
6.2 Mathematical model development 
There are several physics coexisting in the process of coal fines migration and consequent 
permeability variations, including fluid flow (single phase water flow in this chapter) in porous 
media, which is described by Darcy’s Law, coal fines surface settlement, coal cleats plugging, and 
coal fines filling after the cleats are blocked. The latter three processes are categorised as coal fines 
deposition. The key assumption in the model development is that coal has a parallel cleating system. 
It should be noted that in this chapter, the permeability variations are solely due to coal fines 
behaviours, the effect of stress on permeability is not considered. 
6.2.1 Darcy’s Law 
It has been widely recognized that fluid flows in coal seams can be described by Darcy’s low 
(Whitaker, 1986), as expressed below: 
 
k

  q p   (6-1) 
 q v   (6-2) 
where q is Darcy flux, k is coal cleat permeability, μ is fluid dynamic viscosity,  p is pressure 
gradient vector, v is absolute flow velocity, and ϕ is cleat porosity. 
6.2.2 Erosion induced coal fines 
Figure 6-1 illustrates the erosion process of coal cleats and the migration of the induced coal fines, 
and the green dots represent the coal fines that will detach from the cleat surfaces. The detachment 
of coal fines dilates coal cleats, and the porosity will increase as a result. 
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Figure 6-1. Illustration of coal cleat erosion and the induced porosity change (ϕe). 
Some attempts have been made to quantify the erosion-induced cleat porosity change, a common 
model was developed by (Vardoulakis et al., 1996) based on the mass balance of the erosion-
induced coal fines, namely the eroded coal fines volume equals to the porosity change due to 
erosion, as illustrated below. 
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  (6-3) 
where e
t


is the change rate of porosity due to coal cleat erosion, m  is the rate of relative density 
of coal fines generated, and it is related to the rate of eroded coal fines, and ρs is the density of coal 
fines. 
The mass generation term can be presented using the monomial erosion model (Papamichos et al., 
2001; Vardoulakis et al., 1996). This model was also developed on the basis of mass balance. 
 (1 )s em c
A
   
Q
  (6-4) 
where λe is erosion rate coefficient, which has the dimension of inverse length, c is the volumetric 
concentration of the coal fines solution, Q is volume discharge of the coal fines solution, and A is 
the cross-sectional area. The reason Q being as a vector is that the direction of flow is taken into 
consideration. 
The combination of Equation (6-3) and Equation (6-4) yields: 
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Equation (6-5) explains the porosity change rate caused by coal fines erosion. For an element with a 
unit cross-sectional area, Equation (6-5) can be rewritten as: 
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where v is the flow velocity. 
6.2.3 Coal fines deposition 
The deposition of coal fines mainly occurs in three ways: surface deposition, plugging deposition 
and resultant cleat filling. Figure 6-2 illustrates the deposited coal fines in red. The deposited coal 
fines will reduce the porosity of coal seams. Surface deposition only narrows down the cleating 
system, while plugging deposition and cleat filling may totally block the cleats, leading to 
significant decrease in porosity. 
 
Figure 6-2. Illustration of coal fines deposition and the induced porosity change (ϕd). 
6.2.3.1 Coal fines surface deposition 
Gruesbeck and Collins (1982a) found that whether or not a coal particle deposits is controlled by 
the critical velocity, below which the particle would only deposit (surface deposition), and above 
which mobilisation of the particle would take place. They assumed that surface deposition rate and 
the mobilisation rate are linearly related with the flow velocity. 
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where s
t


is the change rate of porosity induced by coal fines surface deposition, λs is coal fines 
surface deposition coefficient, λm is coal fines mobilization coefficient, and vc is the critical flow 
velocity. 
6.2.3.2 Coal fines plugging deposition and cleat filling 
Similarly, the rate of fines plugging also increases linearly with the flow rate (Gruesbeck and 
Collins, 1982a); while the rate of pore filling not only relates to flow rate, but also corresponds to 
the instantaneous porosity of coal (Gruesbeck and Collins, 1982a): 
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where 
p
t


is the change rate of porosity resulted by coal fines plugging deposition and cleat filling, 
λp is coal fines plugging deposition coefficient, and λf is cleat filling coefficient. 
Since the coal fines surface deposition, plugging deposition and pore filling procedures separately 
affect the porosity of coal, these effects can be combined into: 
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where d
t


 is the total change rate of porosity due to the combined effects of coal fines surface 
deposition, plugging deposition, and cleat filling, all of which are defined  as the change rate of 
porosity by coal fines deposition in this work. λd is coal fines deposition coefficient, 
and
d s p f        . 
Then the instantaneous porosity can be written as: 
 0 e d        (6-10) 
After obtaining instantaneous porosity, the instantaneous permeability can be calculated. Coal as a 
typical dual-porosity medium has been found that its permeability has a cubed relation with the 
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porosity (Reiss, 1980), as illustrated in Equation (6-11). This relationship has been confirmed by 
laboratory measurements. 
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Therefore, the final relationship between coal cleat permeability and porosity change can be 
expressed 
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6.2.4 Coal fines transport 
The transport of coal fines in coal seams can be described by the convection-diffusion equation as 
applied in previous studies (Chandrasekhar, 1943; Rolle and Kitanidis, 2014): 
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where D is diffusivity and S is source term. The source term is a combination of erosion and 
deposition. The erosion process contributes to the concentration; while deposition reduces the 
concentration in the fluid. Therefore 
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A combination of Equation (6-13) and Equation (6-14) gives: 
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The coupling process of the coal fines generation and migration is illustrated in Figure 6-3. The key 
parameter that connects these procedures is the porosity. 
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Figure 6-3. Coupling process of coal fines behaviours induced permeability change. 
6.3 Numerical simulation implementation 
The fully-coupled mathematical model is implemented in a bore-scale simulation to investigate its 
effectiveness in evaluating the permeability changes due to coal fines behaviours. 
6.3.1 Boundary and initial conditions 
Numerical simulations in the near well region are conducted using the developed mathematical 
model. The radius of the well is 10 cm, and instead of simulating the whole drainage radius of an 
actual CSG reservoir, only a zone of 20 m from the borehole is studied. The boundary conditions 
are shown in Figure 6-4. The initial reservoir pressure (P0) is 2 MPa, and the pressure at the well 
(Pw) is 1 MPa. The pressure difference drives the water flow from the reservoir to the well. The 
initial coal fines volumetric concentration (c0) in the reservoir is 0.1, and there is a constant supply 
of coal fines from the outer boundary at 0.1 volumetric concentration (ci). Before production, the 
volumetric concentration of coal fines at the well (cw) is 0. 
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Figure 6-4. Boundary conditions applied for near well simulations. 
The parameters used in the simulations are listed is Table 6-1. The properties of coal seam are from 
the experiments in Chapter 5. 
Table 6-1. Numerical simulation parameters. 
Property Value 
Water density (ρw, kg/m3) 1000 
Water dynamic viscosity (μ, Pa·s) 0.001 
Initial permeability (k0, mD) 5 
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Initial porosity (ϕ0) 0.09 
Critical flow velocity (vc, μm/s)* 5.5 
Erosion rate coefficient (λe, 1/m)** 0.01 
Cleat filling rate coefficient (λf, 1/m)** 0.01 
Mobilisation rate coefficient (λm, 1/m)** 0.01 
Deposition rate coefficient (λd, 1/m)** 0.02 
*Note: the critical flow velocity is extracted from the experiments in Chapter 5. 
**These values are based on the experiments explained in Gruesbeck and Collins’ experiments 
(Gruesbeck and Collins, 1982a). 
6.3.2 Mesh generation 
Triangular meshes are used for mesh generation. The meshes around the well are much finer 
compared with the meshes far away from the well. This kind of mesh distribution can not only 
ensure the accuracy of the simulation results, but can also save the computational time. There are 
90,728 mesh elements generated in total, as shown in Figure 6-5. 
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Figure 6-5. Mesh generation and the cut line in the simulation domain to present results. 
6.4 Results and discussion 
The simulation results are presented in terms of pressure, coal fines concentration and permeability 
from the well to the outer boundary of the domain, as shown by the red line in Figure 6-5. The 
simulations were run in a period of 30 days, with the time step of 3 days. It should be noted that 
these results are purely caused by coal fines behaviours, and the impact of stress on permeability 
alterations was not coupled for this part of work. 
6.4.1 Pressure evolution 
The evolution of flow pressure along the cut line with time is demonstrated in Figure 6-6. 
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Figure 6-6. Pressure distribution along the cut line with time elapsed. 
The pressure drops significantly from the well, and the pressure depression cone propagates to the 
boundary of the domain with time. After a month, the pressure tends to stabilise, and the reservoir 
pressure remains unchanged in the area far away from the well (greater than 10 m). Such pressure 
drops enable water flows from the coal seams to the well. It should be noted that with a distance of 
greater than 5 m from the well, pressure changes are less significant, and this will result in 
extremely low flow velocity (< 3 µm/s). 
6.4.2 Evolution of coal fines concentration 
The evolution of coal fines concentration along the cut line is illustrated in Figure 6-7. 
111 
 
 
Figure 6-7. Coal fines concentration along the cut line with time elapsed. 
Unlike the pressure depression cone, which has a much steeper slope near the well, the coal fines 
concentration curve exhibits a smoother decrease from the well. The concentration drop cone 
extends to 13 m away from the well after a month, which coincides with the extension of the 
pressure depression cone. The coal fines concentration at the well decreases by approximately 5%, 
considering erosion, deposition and mobilisation. It should be noted that the concentration curves 
are rather parallel with each other near the well, but the distance between the curves shrinks, which 
indicates the coal fines concentration tends to reach equilibrium with a hysteresis after the pressure 
equilibrium is achieved. 
6.4.3 Evolution of permeability 
The permeability evolution contours are illustrated in Figure 6-8, and the permeability along the cut 
line is shown in Figure 6-9. 
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Figure 6-8. Permeability evolution contours in the simulation domain. 
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Figure 6-9. Permeability variations along the cut line with time elapsed. 
The permeability decreases dramatically around the well. It drops from 5.1 mD to 2.5 mD at the 
well in a month. That is a nearly 50% drop in the permeability given the aforementioned parameters. 
Unlike the pressure and coal fines volumetric concentration profiles, the permeability changes only 
extend to 5 m away from the well. The reason is that greater than 5 m away from the well, due to 
the extremely low flow velocity highlighted in Section 6.4.1, the effects of erosion and deposition 
on porosity change is negligible according to Equations 6-6 and 6-9. However, when in the vicinity 
of the well (<5 m), the effect of coal fines deposition on permeability dominates, leading to 
significant permeability impairment. Therefore, special treatment should be implemented in the 
near well region to suppress the coal fines behaviours. For example, adding surfactant to disperse 
the coal fines to make them easier to be expelled from the coal seams would alleviate the 
permeability damages. The changes of curvature occurs at around 0.5 m from the well is because of 
the existence of critical velocity. The flow velocity is greater than the critical velocity in the area 
less than 0.5 m away from the well, which enables the mobilisation of coal fines, decelerating the 
decline of permeability. With the dynamically changed pressure, coal fines volumetric 
concentration and permeability, the point where velocity falls below the critical velocity is also 
changing, however, it does not vary much from 0.5 m in this case. 
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The water production from the well is integrated, assuming the coal seams have a net thickness of 
20 meters (Esterle, 2011). The water production rate is plotted in Figure 6-10 as a function of time. 
The reason for using water production rate instead is to be consistent with monitoring data from the 
field where water production is normally measured directly from a well, rather than flow velocity. 
 
Figure 6-10. Water production rate from the well. 
Water production from this single well drops from 17.5 m3/d to 10 m3/d after a month, solely 
because of coal fines behaviours. This behaviour is consistent with the change to coal permeability, 
which shows a declining trend with time (Figure 6-9). Such drop in water production will contribute 
to late gas breakthrough. The water production is comparable with a typical CSG well (Figure 1-1 
indicates 40 m3/d). 
6.4.4 Sensitivity analysis 
The rate coefficients used in this study affect the permeability alterations. A sensitivity analysis is 
conducted on these coefficients to quantify their impacts on permeability. An orthogonal design is 
applied to effectively examine multiple parameters at the same time (Kacker et al., 1991).  
The erosion, mobilisation and deposition rate coefficients are investigated, and each coefficient has 
three values: its original value, and with ±10% variations. The orthogonal arrays are tableted in 
Table 6-2. The final permeability (permeability at 30 days) at the well is also evaluated for each 
parameter group. 
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Table 6-2. Orthogonal arrays of the examined parameters and consequent permeability. 
Parameter 
group No. 
Erosion rate 
coefficient (1/m) 
Cleat filling rate 
coefficient (1/m) 
Deposition rate 
coefficient (1/m) 
Permeability at 
30 days (mD) 
1 0.009 0.009 0.018 2.856 
2 0.009 0.01 0.02 2.369 
3 0.009 0.011 0.022 1.964 
4 0.01 0.009 0.02 2.476 
5 0.01 0.01 0.022 2.055 
6 0.01 0.011 0.018 3.717 
7 0.011 0.009 0.022 2.149 
8 0.011 0.01 0.018 3.877 
9 0.011 0.011 0.02 3.207 
 
The average final permeability is evaluated for one coefficient to eliminate the effects of the other 
two coefficients on permeability. For example, for the erosion rate coefficient is 0.009 m-1, the 
average final permeability (ke0.009) is expressed as: 
 1 2 30.009
3
e
k k k
k
 
   (6-16) 
where k1, k2 and k3 are the final permeability of parameter Groups 1, 2 and 3. 
Similarly, the average final permeability is computed for the other two coefficients, and the results 
are listed in Table 6-3. 
Table 6-3. Average final permeability for each coefficient. 
Coefficient 
Erosion rate 
coefficient 
Mobilisation rate 
coefficient 
Deposition rate 
coefficient 
Value 0.009 0.01 0.011 0.009 0.01 0.011 0.018 0.02 0.022 
Average final 
permeability 
2.396 2.750 3.077 2.494 2.767 2.963 3.483 2.684 2.056 
 
The significance of each coefficient is evaluated by a scatter plot (Figure 6-11) using the values in 
Table 6-3. With the original coefficient values (coefficient ratio=1), the permeability ratio for all 
three scenarios is approximately 1.1. This can be attributed to the systematic error induced by the 
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orthogonal design. Apart from the systematic error, the deposition rate coefficient has the most 
significant effect on permeability (~20% variation induced by 10% change of coefficient), and the 
higher the coefficient, the worse the permeability is. The deposition rate coefficient is closely 
related to flow velocity, fluid viscosity, coal fines concentration and sizes of coal fines. To be more 
specific, the lower the flow velocity and viscosity, the greater coal fines concentration and sizes will 
result in greater deposition rate coefficient values. With less significance, the erosion and 
mobilisation rate coefficients also have accountable effect of permeability, with 12% and 10% 
deviation, respectively, corresponding to 10% change of the coefficient. Unlike the deposition rate 
coefficient, these two parameters have positive relationship with the resultant permeability. These 
findings indicate that the deposition rate coefficient should be controlled at a rather low level, 
meanwhile erosion and mobilization rate coefficients at a higher priority, to reduce coal fines 
induced permeability impairment. This can be realised by reducing the production pressure 
drawdown rate, or adding surfactant to alter the fluid viscosity to expel more coal fines. 
 
 
Figure 6-11. Significance of each coefficient in terms of affecting the permeability. 
6.5 Conclusions 
In this chapter, a fully-coupled mathematical model, which integrates the effects of coal fines 
erosion, migration and deposition on coal permeability, was developed. The model is implemented 
in bore-scale simulations in the near well region to evaluate the permeability variations. The 
following conclusions can be drawn: 
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(1) The permeability decreased by 50% in 30 days, given the current parameterisation of the 
model. Therefore, coal fines induced permeability impairment is dramatic, and requires 
treatment; 
(2) Sensitivity analysis is conducted on three rate coefficients, and all these coefficients have 
significant impact on coal fines caused permeability damage, among which the deposition 
rate coefficient has the most substantial effect on permeability; and  
(3) Reducing the production pressure drawdown by controlling the Bottom-hole Pressure (BHP), 
and adding surfactant to increase the fluid viscosity can alleviate the permeability 
impairment by coal fines. 
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Chapter 7 Conclusions and recommendations 
7.1 Conclusions 
A comprehensive Geomechanical, Geohydraulic and Geological (3G) investigation on coal fines 
generation and migration, and consequent permeability variations has been conducted through an 
integrated approach of numerical simulations, experimental investigations and mathematical model 
development. This study deals with coal fines induced issues that are multi-discipline (solid 
mechanics, fluid mechanics, particulate dynamics and chemical solute transport); multi-phase (both 
single-phase and two-phase flow); multi-approach (numerical simulations, experimental studies and 
analytical method such as dimensional analysis and mathematical model development); and multi-
scale (from micro-scale to macro-scale and from lab-scale to field-scale). Key parameters that affect 
coal fines behaviours have been identified. The following conclusions can be drawn: 
(1) The sizes of the coal fines from our samples range from 1 μm to 14 μm. Coal fines are 
irregularly shaped (e.g. flaky and needle-like). These coal fines are mainly made of coal 
material, with a small proportion of non-swelling minerals, including quartz and kaolinite.  
(2) Coal fines generation is quantified in both single-phase and two-phase flows, and two-phase 
flow generates much more coal fines than single-phase flow. Exposed microstructures, cleat 
elbows, microfracture tips, and the places with residual phases are the spots tend to create 
coal fines. Local cleat geometry, local flow velocity and coal wettability have significant 
impacts on coal fines generation. 
(3) Dimensional analysis indicates two dimensionless numbers: Capillary number (Ca) and 
Euler number (Eu) can effectively describe the coal fines generation in two-phase flow. A 
criterion based on these two dimensionless numbers is developed to predict coal fines 
generation and the failure mechanisms. The greater the Ca and Eu values, the more coal 
fines will be generated. 
(4) Laboratory flooding measurements show that the volume of coal fines expelled from the 
samples is proportional to the third power of the flow velocity, which can be used to predict 
the critical velocity for coal fines production. Early dewatering stage has the most dramatic 
permeability loss, and well shut-ins also give rise to permeability drops. The flow velocity 
and CSG production strategies substantially affect the coal fines induced permeability 
alterations. 
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(5) A comparison between the two samples indicates that narrower and less connected cleating 
system results in more frequent coal fines generation and migration, resulting in significant 
permeability fluctuations with general decreasing trend. Tortuosity of the cleats can enhance 
the deterioration in permeability by coal fines behaviours. 
(6) A fully-coupled mathematical model is developed to explain the permeability changes 
caused by coal fines behaviours, integrating the effects of erosion and deposition (i.e. 
surface deposition, plugging deposition and cleat filling). The deposition rate coefficient has 
the most significant effect on permeability. 
Based on the understandings gained through this study, some suggestions are made in order to 
alleviating the coal fines caused permeability impairment, including: 
(1) During the dewatering phase, the Bottom-Hole Pressure should be controlled to reduce the 
drop rate of the dynamic fluid level. This can slow down the flow velocity in the coal seams, 
and mitigate the permeability damage resulted by coal fines generation and migration. 
(2) Surfactant can be added to disperse the coal fines, making them easier to be flushed out of 
the coal seams. The wettability of coal, and the viscosity of water can also be altered 
through adding surfactant to reduce the coal fines induced permeability impairment. 
(3) Avoiding frequent well shut-in can lessen the issue, because it avoids repeated flow pattern 
alterations, which is detrimental towards the permeability. 
7.2 Recommendations 
Despite fundamental understandings of coal fines generation and migration, and the associated 
permeability variations are gained through this study, there are some aspects that have yet to be 
studied in detail. These include the effect stress and the creep effect of coal. These factors are 
important because they also affect coal permeability to a significant extent. Therefore, they need to 
be considered when developing a comprehensive permeability model for CSG reservoirs. Other 
recommendations include: 
(1) Three dimensional numerical simulations would be recommended to be established to 
examine the coal fines generation, since the third dimension may act differently, and result 
in different coal fines generation behaviours. Heterogeneity of coal (e.g. clay minerals) can 
make the model more realistic and comprehensive. The subsequent coal fines migration in 
fluid flows may be added to the simulations to visualise the migration of coal fines in coal 
cleats. 
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(2) Microscale experiments can be conducted to validate the numerical simulations, possibly 
using micro-CT to visualise coal fines generation and migration in a coal sample. 
(3) The mathematical model developed in this study was based on single-phase water flow 
assumption, which is only valid for the dewatering stage and does not apply to gas 
production stage. The two-phase flow model can be implemented in the field to predict the 
permeability change induced by coal fines during CSG production stage. Furthermore, the 
effect of geochemistry and in-situ stress change induced by gas desorption and creep may 
play a role in determining the permeability change, thus may be worthwhile conducting 
further studies in the future by considering these effects.  
(4) Novel experiments are required to obtain the three coefficients involved in the mathematical 
model development for the bore-scale simulation. Since these coefficients may vary with 
different CSG reservoirs and in-situ conditions. 
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